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Abstract 
In plants, carotenoids are essential for photosynthesis and photoprotection. However, 
carotenoids are not the end-products of the pathway: apocarotenoids are produced by 
carotenoid cleavage dioxygenases (CCDs) or non-enzymatic processes. Apocarotenoids are 
more soluble or volatile than carotenoids, but they are not simply breakdown products as 
there can be modifications post cleavage and functions include hormones, volatiles or signals. 
Evidence is emerging for a class of apocarotenoids herein referred to as Apocarotenoid Signals 
(ACSs) that have regulatory roles throughout plant development beyond those ascribed to 
ABA and strigolactone. In the present study, we provide evidence that ACS2, a cis-carotenoid-
derived retrograde signal, regulates plastid development during both skotomorphogenesis 
and photomorphogenesis. 
cis-carotenoids produced early in the carotenoid pathway may serve as substrates for the 
production of novel ACSs that regulate nuclear gene expression, metabolic homeostasis and 
leaf development. When and where they accumulate and what physiological functions they 
may serve in higher plants remain unclear. cis-carotenoids are not easily detected in most 
plant tissues, except in the absence of carotenoid isomerase (CRTISO) activity when 
photoisomerisation rate-limits the isomerisation of tetra-cis to all-trans-lycopene. The 
accumulation of cis-carotenoids in Arabidopsis crtiso mutant (carotenoid and chloroplast 
regulation 2, ccr2) tissues was observed in plant tissues grown under extended darkness (i.e. 
shorter photoperiod) and coincided with a perturbation in chloroplast development that 
caused leaf yellowing. A forward genetic screen identified an epistatic interaction between 
the ζ-carotene isomerase (ziso) and ccr2 which could restore plastid development, and 
revealed that di-cis-ζ-carotene, tri-cis-neurosporene and tetra-cis-lycopene are likely 
substrates for the generation of an ACS, named ACS2. Transcriptomics analysis of ccr2 ziso 
mutant tissues revealed that photosynthesis associated nuclear gene expression (PhANG) was 
activated through the down-regulation of genes involved in repressing photomorphogenesis. 
We identified an alternative splice mutant of det1, a repressor of photomorphogenesis, which 
could restore PLB formation and cotyledon greening following de-etiolation in ccr2. Chemical 
inhibition of carotenoid cleavage dioxygenase activity provided evidence that ACS2 
posttranscriptionally maintains protochlorophyllide oxidoreductase (POR) protein levels 
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acting downstream of DET1 to control PLB formation and plastid development. 
Phytoene synthase (PSY) is a major rate-controlling enzyme that catalyses the initial step of 
carotenoid biosynthesis and is hence under multi-level regulation. Alteration of PSY gene 
expression, protein levels or enzyme activity can exert profound effects on carotenoid 
composition and plant development. Here we show that four mutants of PSY: psy-4, psy-90, 
psy-130 and psy-145 reduced cis-carotenoids to levels below a threshold and suppressed ACS2 
which negatively regulates plastid development in ccr2. The restoration of plastid 
development in the four ccr2 psy double mutants was caused by decreased PSY activity and 
reduced protein levels due to altered PSY-AtOR (ORANGE) interaction, but not by changed 
localization of PSY. This study reveals a novel role of PSY, modulating carotenoid-derived 
retrograde signals and regulating plastid development.
-v- 
 
Contents 
Acknowledgements ..................................................................................................................... i 
Abstract ..................................................................................................................................... iii 
Chapter 1: Carotenoid biosynthesis and cleavage in Arabidopsis ............................................. 1 
1.1 Introduction ..................................................................................................................... 1 
1.2 The biosynthesis of carotenoids ...................................................................................... 3 
1.2.1 MEP pathway and synthesis of GGPP ....................................................................... 6 
1.2.2 Synthesis of the first carotenoid in the pathway: phytoene ..................................... 9 
1.2.3 From phytoene to lycopene .................................................................................... 11 
1.2.4 Cyclization of lycopene ........................................................................................... 17 
1.2.5 The formation of xanthophylls ................................................................................ 19 
1.2.6 Cross-talk between MEP and carotenoid pathways ............................................... 23 
1.3 Localization of the carotenoid biosynthetic metabolon ................................................ 25 
1.3.1 Where is the key enzyme PSY localized? ................................................................ 25 
1.3.2 Enzyme metabolon: localization and regulation ..................................................... 26 
1.4 Regulation of carotenoid biosynthesis ........................................................................... 27 
1.4.1 Carotenogenic gene transcription .......................................................................... 28 
1.4.2 Post-transcriptional regulation ............................................................................... 33 
1.5 Synthesis and function of apocarotenoid signals in plants ............................................ 38 
1.5.1 Carotenoid cleavage products play regulatory roles in plants ................................ 38 
1.5.2 Apocarotenoid biosynthesis: enzymatic and non-enzymatic processes ................ 39 
1.5.3 Novel or uncharacterised apocarotenoid signals play regulatory roles in planta .. 42 
1.5.4 Non-enzymatically-generated apocarotenoid signals act as photooxidative stress 
signals ............................................................................................................................... 49 
1.5.5 Subcellular compartmentalisation regulates apocarotenoid production ............... 50 
1.5.6 Concluding Remarks and Future Perspectives ........................................................ 52 
1.6 Aim of thesis................................................................................................................... 53 
Chapter 2: Materials and methods .......................................................................................... 55 
2.1 Plant materials and growth conditions .......................................................................... 55 
2.1.1 Plant materials ........................................................................................................ 55 
2.1.2 Soil-based growth ................................................................................................... 55 
2.1.3 Medium-based growth ........................................................................................... 56 
2.2 Microbial strains and growth conditions ....................................................................... 57 
2.3 Revertant screening and identification of casual mutations ......................................... 57 
2.3.1 Revertant screening ................................................................................................ 57 
-vi- 
 
2.3.2 Plant imaging .......................................................................................................... 58 
2.3.3 Genomic DNA extraction and library preparation .................................................. 58 
2.3.4 Sequencing data analysis ........................................................................................ 59 
2.3.5 Verification of mutations by Sanger sequencing .................................................... 60 
2.4 Generation of transgenic plants..................................................................................... 64 
2.4.1 Plasmid construction............................................................................................... 64 
2.4.2 Agrobacterium-mediated transformation of Arabidopsis via floral dipping .......... 64 
2.5 Pigments measurement ................................................................................................. 65 
2.5.1 HPLC-based carotenoid analysis ............................................................................. 65 
2.5.2 Protochlorophyllide quantification ......................................................................... 66 
2.5.3 Chlorophyll concentration measurement ............................................................... 67 
2.6 RNA library construction and differential gene expression analysis.............................. 67 
2.6.1 RNA extraction and library construction................................................................. 67 
2.6.2 Data analysis ........................................................................................................... 68 
2.7 Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) .................... 68 
2.8 Transmission electron microscopy ................................................................................. 69 
2.9 Protein localisation using green fluorescent protein (GFP) tagging .............................. 71 
2.9.1 Plasmid construction............................................................................................... 71 
2.9.2 Protoplast isolation and transient expression of GFP-fusion PSY protein .............. 71 
2.9.3 Confocal microscopy ............................................................................................... 72 
2.10 In vitro and in vivo enzymatic assays of phytoene synthase ....................................... 72 
2.10.1 Vector design ........................................................................................................ 72 
2.10.2 Transformation ...................................................................................................... 72 
2.10.3 Induction and verification of the expression of recombinant PSY protein ........... 73 
2.10.4 Purification and identification of recombinant proteins from soluble fraction ... 74 
2.10.5 In vitro activity assay of recombinant PSY ............................................................ 75 
2.10.6 In vitro activity assay of endogenous Arabidopsis PSY ......................................... 75 
2.10.7 In vivo PSY activity assay ....................................................................................... 76 
2.11 Split Ubiquitin System .................................................................................................. 76 
2.12 Western blot, immunoprecipitation and enzyme-linked immunosorbent assay ........ 77 
2.12.1 Isolation of stromal and membrane fractions from Arabidopsis etioplasts ......... 77 
2.12.2 Protein extraction and western blot ..................................................................... 78 
2.12.3 Immunoprecipitation and co-immunoprecipitation ............................................. 79 
2.12.4 Enzyme-linked immunosorbent assay .................................................................. 80 
2.13 Statistical analysis ........................................................................................................ 81 
-vii- 
 
Chapter 3: Identification of genes regulating plastid development in the ccr2 mutant ......... 82 
3.1 Introduction ................................................................................................................... 82 
3.2 Results ............................................................................................................................ 85 
3.2.1 Phenotypes of the ccr2 mutant .............................................................................. 85 
3.2.2 Characterization of revertants of ccr2 (rccr2) ......................................................... 87 
3.2.3 Identification of causal mutations by next generation sequencing ........................ 98 
3.3 Discussion ..................................................................................................................... 103 
3.3.1 Characterization of ccr2 and rccr2 ........................................................................ 103 
3.3.2 Mutations in PSY, OR and ZISO ............................................................................. 104 
3.3.3 Mutations in DET1, RPT5B and GLK1 .................................................................... 106 
3.3.4 Mutation in FtsH ................................................................................................... 107 
3.3.5 Mutations in GLRs ................................................................................................. 108 
Chapter 4: A cis-carotenoid derived apocarotenoid posttranscriptionally regulates 
protochlorophyllide oxidoreductase and prolamellar body formation during 
skotomorphogenesis .............................................................................................................. 110 
ABBREVIATIONS ................................................................................................................. 112 
INTRODUCTION .................................................................................................................. 114 
RESULTS .............................................................................................................................. 118 
Photoperiod affects plastid differentiation and leaf development ............................... 118 
A shorter photoperiod promotes cis-carotenoid accumulation and alters plastid 
differentiation ................................................................................................................ 119 
Mutagenesis by way of a forward genetics screen restores plastid development in ccr2
........................................................................................................................................ 122 
An epistatic interaction between ziso and ccr2 revealed specific cis-carotenoids perturb 
PLB formation................................................................................................................. 123 
The activation of photosynthesis associated nuclear gene expression restores PLB 
formation in ccr2 ............................................................................................................ 128 
Activation of photomorphogenesis by det1-154 restores plastid development in ccr2129 
D15 inhibition of carotenoid cleavage activity reveals a cis-carotenoid derived 
apocarotenoid signal controls PLB formation ................................................................ 132 
ACS2 posttranscriptionally up-regulates POR protein levels when transcript levels are low
........................................................................................................................................ 133 
DISCUSSION ........................................................................................................................ 135 
Seasonal photoperiods link cis-carotenoids to leaf yellowing and altered plastid 
development .................................................................................................................. 135 
Extended dark limits photoisomerisation causing specific cis-carotenoids to accumulate
........................................................................................................................................ 139 
ACS2 regulates nuclear gene expression and plastid development .............................. 140 
-viii- 
 
ACS2 signals downstream of DET1 to posttranscriptionally regulate POR .................... 142 
METHODS ........................................................................................................................... 144 
SUPPORTING INFORMATION ............................................................................................. 145 
Chapter 5: Mutations in Arabidopsis phytoene synthase suppress apocarotenoid signals and 
regulate chloroplast development ......................................................................................... 151 
ABSTRACT ........................................................................................................................... 153 
INTRODUCTION .................................................................................................................. 154 
RESULTS .............................................................................................................................. 155 
Mutations in PSY gene restore plastid development in ccr2 mutant ............................ 155 
Mutated PSY versions supress ACS2 in ccr2 by affecting cis-carotenoid composition .. 157 
The enzyme activity of PSY is reduced in psy mutants .................................................. 160 
Mutations in PSY affect protein-protein interaction ...................................................... 164 
Protein levels of PSY and OR are reduced in psy mutants ............................................. 164 
The localization of PSY is not affected by the four mutations ....................................... 165 
DISCUSSION ........................................................................................................................ 170 
PSY is a crucial enzyme regulating ACSs in plant ........................................................... 170 
Single amino acid changes alter PSY activity ................................................................. 171 
Protein-protein interaction is required for functional PSY ............................................ 172 
PSY links carotenoids to plastid development ............................................................... 173 
MATERIAL AND METHODS ................................................................................................. 173 
Supplemental Material ...................................................................................................... 173 
Chapter 6: Concluding remarks .............................................................................................. 185 
6.1 Different mechanisms are involved to regulate ACS2 in rccr2 lines ............................ 185 
6.2 A threshold level of cis-carotenoids in specific tissues may be required to produce an 
ACS ..................................................................................................................................... 186 
6.3 ACS2 regulates both skotomorphogenesis and photomorphogenesis........................ 186 
6.4 Cross-talk exists between light signalling and ACSs ..................................................... 187 
6.5 Future perspectives ...................................................................................................... 188 
Glossary .................................................................................................................................. 189 
Bibliography ........................................................................................................................... 190 
-1- 
 
 
Chapter 1: Carotenoid biosynthesis and cleavage in 
Arabidopsis 
1.1 Introduction 
Carotenoids are a group of lipid-soluble isoprenoids with a C40 polyene backbone that contain 
various numbers of conjugated double bonds functioning as a chromophore (Hirschberg, 2001; 
Eckardt, 2002; Takaichi and Mochimaru, 2007; Maresca et al., 2008). In nature, carotenoids 
are synthesised by all photosynthetic organisms (i.e cyanobacteria, algae and higher plants), 
as well as some non-photosynthetic organisms such as fungi and bacteria (Ruiz-Sola and 
Rodriguez-Concepcion, 2012; Nisar et al., 2015). Animals do not normally synthesize 
carotenoids, but can ingest them in their dietary intake (McGraw et al., 2006; Baron et al., 
2008). However, as one of the only a few exceptions, aphids can make their own carotenoids 
(Moran and Jarvik, 2010). 
There are two types of carotenoids: non-oxygenated and oxygenated carotenoids. The end of 
non-oxygenated carotenoids can be cyclized at one or both sides (Baroli and Niyogi, 2000). 
Carotenoids are best known as pigments and scents which are mostly non-oxygenated. They 
accumulate in specialized plastids called chromoplasts which store carotenoids in 
plastoglobules, fibrillar, tubular, membranous or even crystalline carotenoid storage structures 
(Vishnevetsky et al., 1999a; Walter and Strack, 2011; Shumskaya and Wurtzel, 2013). An 
important role of these carotenoids is to provide distinct colours, scents and flavours in 
flowers, fruits and seeds to attract animals and insects for pollination and seed dispersal. In 
addition, the colourful carotenoid compounds furnishing these organs can contribute to 
economic value (Hirschberg, 2001).  
Besides non-oxygenated carotenoids (carotenes), the other major class of carotenoids are 
oxygenated at the terminal rings so they contain one or more oxygen atoms. The oxygenated 
carotenoids such as lutein, violaxanthin, neoxanthin and zeaxanthin, are referred to as 
xanthophylls (DellaPenna and Pogson, 2006; Shumskaya and Wurtzel, 2013).  
Interestingly, the composition of carotenoids in all flowering plants is very similar. Lutein (45% 
of total carotenoids), violaxanthin (10 - 15%), neoxanthin (10 - 15%) and β-carotene (25 - 30%) 
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are the most abundant carotenoids in plants (Britton, 1993; Pogson et al., 1998). In contrast 
to chromoplasts which accumulate non-oxygenated carotenoids, chloroplasts accumulate 
xanthophylls and β-carotene. Therefore, xanthophylls and β-carotene are referred to as 
“chloroplast carotenoids” in the following sections. 
Most chloroplast carotenoids, together with chlorophylls, are associated with pigment-
binding proteins located in thylakoid membranes, with β-carotene being abundant in reaction 
centres of photosystems I and II and xanthophylls mostly found in light-harvesting complexes 
(Green and Durnford, 1996). This suggests that chloroplast carotenoids may play major roles 
other than providing plant organs with colours, scents and flavours. 
Chloroplast carotenoids stabilize membranes and xanthophylls act as accessory pigments in 
the light-harvesting antennae by absorbing light at 450 - 570 nm and transferring the energy 
to chlorophylls which do not absorb light effectively in this range (Demmig-Adams et al., 1996). 
In addition to light harvesting, chloroplast carotenoids protect photosynthetic apparatus from 
photooxidative damage, in which β-carotene and xanthophylls are both actively involved. 
Quenching of 3Chl and 1O2 (Kuhlbrandt, 1994; Baroli and Niyogi, 2000) and dissipating the 
excess excitation energy in a non-radiative manner (Niyogi, 1999, 2000), namely 
nonphotochemical quenching (NPQ), are examples of photoprotection provided by 
carotenoids. 
In addition to their roles in photosynthetic tissues, carotenoids are also required in etiolated 
seedlings to form a prolamellar body (PLB) that promotes photomorphogenesis upon 
illumination (Park et al., 2002; Rodriguez-Villalon et al., 2009b). Moreover, carotenoids are 
precursors of phytohormones such as plant growth regulator ABA (abscisic acid) and 
strigolactones, a root transmissible hormone inhibiting plant shoot branching (Nambara and 
Marion-Poll, 2005; Xie et al., 2010).  
Carotenoids are also important to human health. For example, they are precursors of retinal 
(vitamin A) (Fraser and Bramley, 2004) and can act as antioxidants (Fiedor and Burda, 2014). 
Carotenoids are linked to reducing age-related macular degeneration and the risk of certain 
cancers (Snodderly, 1995; Nishino et al., 2000).  
Arabidopsis (Arabidopsis thaliana) cannot be used to directly explore biological processes 
located in chromoplasts because it lacks this type of plastid. Therefore, plant systems that 
synthesize and sequester carotenoids, for example, flowers of marigold (Tagetes erecta) and 
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daffodil (Narcissus pseudonarcissus) and fruits of tomato (Solanum lycopersicum) and pepper 
(Capsicum annuum) were used to achieve the first advances in carotenoid biosynthesis 
(Hirschberg, 2001; Fraser and Bramley, 2004; Zhu et al., 2010). On the other hand, carotenoids 
that accumulate in chloroplasts can be studied using Arabidopsis. Characterization of 
Arabidopsis mutants lut, npq and aba, which are impaired in xanthophyll biosynthesis, has 
greatly advanced the study on the role of xanthophylls in photoprotection (Pogson et al., 1996; 
Pogson et al., 1998; Niyogi, 1999; Pogson and Rissler, 2000; Tian et al., 2004; Kim and 
DellaPenna, 2006). 
To date, there are a few useful genomic tools which facilitate research on the process and 
regulation of carotenoid biosynthesis. AtIPD, the Arabidopsis thaliana Isoprenoid Pathway 
Database (www.atipd.ethz.ch), is a database that can be searched for isoprenoid pathway 
models, enzyme activities and subcellular localization of enzymes. Integrating information on 
isoprenoid pathway genes from other databases including AraCyc 
(www.arabidopsis.org/biocyc), BioPathAt (Lange and Ghassemian, 2005), KEGG 
(www.genome.jp/kegg) as well as information from the literatures (Vranova et al., 2011), 
AtIPD makes a remarkable resource in exploring the regulation of carotenoid biosynthesis.  
A range of proteomics databases such as AtCHLORO (www.grenoble.prabi.fr/at_chloro) are 
also available for study on carotenoid biosynthesis in Arabidopsis.  In AtCHLORO database, 
proteomics data includes protein molecular weights, peptide sequences, MS/MS spectra and 
chromatographic retention times. So far, this database has been compiled using information 
of hundreds of proteins identified from purified leaf chloroplasts and their compartments 
(Cheng et al., 2002). Isoprenoid-pathway-related proteomic databases can now be found in a 
web portal named MASCP Gator (gator.mascproteomics.org). 
1.2 The biosynthesis of carotenoids  
Regarding the biosynthesis of carotenoids, two pathways are reviewed in the following 
sections: the plastidial methylerythritol phosphate (MEP) pathway which produce the C5 
building blocks, isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), 
for C40 polyene backbone (Figure 1.1); and the carotenoid biosynthesis pathway to produce 
various carotenoids (Figure 1.2). A generalized carotenoid biosynthesis pathway in plants can 
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be found via web portals PlantCyc (http://pmn.plantcyc.org/PLANT/NEWIMAGE?type=PATH 
WAY&object=CAROTENOID-PWY). 
The synthesis of the C5 building blocks, IPP and DMAPP, occurs de novo in plastids (Chappell, 
1995). IPP and DMAPP are both derived predominantly from glyceraldehyde 3-phosphate and 
pyruvate as initial substrates by the MEP pathway, although they can also be generated by 
mevalonic acid (MVA) pathway in the cytosol (Lichtenthaler, 1999; Eisenreich et al., 2001; 
Rodriguez-Concepcion and Boronat, 2002). The condensation of three IPP molecules and one 
DMAPP molecule produces geranylgeranyl diphosphate (GGPP, also named as geranylgeranyl 
pyrophosphate, C20). This reaction is catalysed by GGPP synthase (GGPPS or GGDS) (Farre et 
al., 2010). 
The first committed step in plant carotenoid biosynthesis pathway is the condensation of two 
GGPP molecules by phytoene synthase (PSY) to produce C40 phytoene (Misawa et al., 1994). 
Phytoene is converted into bright red all-trans-lycopene in four desaturation reactions 
catalysed by phytoene desaturase (PDS), ζ-carotene desaturase (ZDS), and two cis-trans 
isomerases, ζ-carotene isomerase (ZISO) and carotenoid isomerase (CRTISO) (Isaacson et al., 
2002; Park et al., 2002; Breitenbach and Sandmann, 2005; Li et al., 2007). Interestingly, in 
bacteria, all desaturation and isomerization reactions are carried out by only one enzyme, 
carotene desaturase (CrtI) (Sandmann, 2009). 
 
 
 
 
 
 
 
 
 
Figure 1.1 A schematic process of the MEP pathway. 
  
Pyruvate +GAP DXP MEP CDP-ME 
CDP-MEP ME-cPP HMBPP 
IPP DAMPP 
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Figure 1.2 The biosynthesis of carotenoids. Question marks indicate unknown enzymes; 
mutants in the cis-carotenoid pathway are shown in green boxes. Geranylgeranyl 
pyrophosphate is also named as geranylgeranyl diphosphate. 
ccr2, tangerine 
ziso,  z2803 
psy, yellow-flesh 
clb5 
pds3 
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Lycopene represents the branch point of carotenoid pathway. It is cyclized at one end by 
lycopene β-cyclase (LCYB), and at the other end by lycopene ε-cyclase (LCYE) or LCYB, to 
produce β,ε-carotene (α-carotene) or β,β-carotene (simply β-carotene), respectively 
(Cunningham et al., 1996). The introduction of hydroxyl moieties into the cyclic ends is carried 
out by the two di-iron non-heme β-carotene hydroxylase (BCH) and cytochrome P450 type 
hydroxylases (CYP97A and CYP97B) to produce zeaxanthin from β-carotene, or by P450 type 
ε-ring carotene hydroxylase (CYP93C) to produce lutein from α-carotene (Sun et al., 1996; 
Bouvier et al., 1998a; Tian et al., 2003). Lutein is the endpoint of the α-carotene branch.  
Zeaxanthin is converted to violaxanthin via antheraxanthin by zeaxanthin epoxidase (ZEP), and 
violaxanthin deepoxidase (VDE) reverses this reaction by turning violaxanthin back to 
zeaxanthin, giving rise to the xanthophyll cycle to protect plants against high light stress 
(Demmig-Adams et al., 1996; Marin et al., 1996). Antheraxanthin and violaxanthin are then 
converted to neoxanthin by neoxanthin synthase (NXS) (Al-Babili et al., 2000; Bouvier et al., 
2000).  
Carotenoids can be cleaved to produce apocarotenoids. In Arabidopsis, a family of nine 
carotenoid cleavage dioxygenases (CCDs) have been found to catalyse the oxidative cleavage 
of carotenoids (Walter and Strack, 2011). Apocarotenoids and CCDs are reviewed in section 
1.5.  
The following sections review the details of MEP pathway and carotenoid biosynthesis 
pathway.  
1.2.1 MEP pathway and synthesis of GGPP 
The MEP pathway comprises seven biosynthetic steps and the enzymes catalysing each step 
have been identified (Rodriguez-Concepcion, 2010; Walter and Strack, 2011). All of the 
enzymes are encoded by single-copy nuclear genes in Arabidopsis (Rodriguez-Concepcion and 
Boronat, 2002; Phillips et al., 2008). These enzymes are found to localize in stroma of plastids 
via varies molecular and proteomic approaches (Querol et al., 2002; Hsieh et al., 2008; Joyard 
et al., 2009; Ferro et al., 2010).  
DXP synthase (DXS, At4g15560), the first enzyme in MEP pathway, catalyses the condensation 
of glyceraldehyde-3-phosphate and pyruvate to produce 1-deoxy-D-xylulose 5-phosphate 
(DXP). By research on mutants such as cla1-1 albino, it has been suggested that the first step 
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of the pathway is essential. Due to a loss-of-function of DXS, the Arabidopsis cla1-1 mutant 
produces almost no leaf carotenoids and chlorophylls, therefore the mutant can only be 
maintained on media containing sucrose or the dephosphorylated form of DXP (Mandel et al., 
1996; Estevez et al., 2000; Estevez et al., 2001). Unlike Arabidopsis, most plants have at least 
two classes of DXS isoforms which are encoded by small gene families. DXS isozymes of all 
classes have been found functional in carotenoid biosynthesis (Walter et al., 2002; Krushkal et 
al., 2003; Cordoba et al., 2011). 
In the second and third step, DXP reductoisomerase (DXR, At5g62790) catalyses the 
intramolecular rearrangement and reduction of DXP to produce MEP, followed by the 
conversion of MEP to 4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol (CDP-ME) by MEP 
cytidylyltransferase (MCT, At2g02500). These two steps, especially the second step, are 
essential for Arabidopsis seedling viability, as suggested by a complete arrest of tomato 
seedling development induced by DXR inhibitor fosmidomycin which also inhibits carotenoid 
biosynthesis in fruits (Budziszewski et al., 2001; Rodriguez-Concepcion et al., 2001; Xing et al., 
2010). 
In the following steps, CDP-ME is phosphorylated by CDPME kinase (CMK, At2g26930), and 
the product CDP-ME 2-phosphate (CDP-ME2P) is converted into 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate (ME-cPP) by ME-cPP synthase (MDS, At1g63970). ME-cPP is then converted 
into two isomers IPP and DMAPP (5:1 mixture) via 4-hydroxy-3-methylbut-2-enyl diphosphate 
(HMBPP), catalysed by HMBPP synthase (HDS, At5g60600) and HMBPP reductase (HDR, 
At4g34350), respectively. HDR, which catalyses the last step in MEP pathway, has also been 
found to be a key enzyme. HDR is regulated by post-transcriptional feedback within the 
pathway according to research on Arabidopsis mutation clb6 which is defective in the function 
of this enzyme (Guevara-Garcia et al., 2005).  
There is also an enzymatic interconversion between IPP and DMAPP, catalysed by IPP 
isomerase (IDI). It is possible that this interconversion is used to control different molar ratios 
between the two isomers to produce different classes of isoprenoids. Unlike the MEP pathway 
enzymes, IDI is encoded by two genes IDI1 (At5g16440) and IDI2 (At3g02780) in Arabidopsis. 
So far, two strategies have been used to identify essential steps in MEP pathway: 
overexpression of single gene followed by analysis of carotenoid content alteration, and 
analysis of transcript level alterations and their potential correlation with carotenoid 
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accumulation. In Arabidopsis, overexpression of CLA1-DXS gene increased total carotenoids in 
light-grown seedlings by 1.3-fold (Estevez et al., 2001), and overexpression of DXR also up-
regulated carotenoids biosynthesis (Carretero-Paulet et al., 2006). While constitutive 
overexpression of HDR gene in Arabidopsis showed no significant increase in carotenoid levels 
in etioplasts, carotenoid biosynthesis in green seedlings were clearly up-regulated (Botella-
Pavia et al., 2004).  
The transcription of DXS gene is strikingly up-regulated during fruit ripening in tomato, which 
also showed a strong correlation with the increase of lycopene content in fruit (Lois et al., 
2000). DXS3, DXR and HDR transcripts increased with the accumulation of xanthophylls in 
maize (Zea mays) kernel endosperm (Vallabhaneni and Wurtzel, 2009). The transcription of 
HDR in Arabidopsis also exhibits strong up-regulation in correlation with carotenoid 
accumulation during seedling deetiolation (Botella-Pavia et al., 2004).  
Taken together, the flux from MEP pathway to carotenoids may be controlled by DXS, DXR and 
HDR which are suggested to be rate-limiting enzymes in the pathway.  
The assembly of four C5 units into C20 molecule GGPP is carried out by GGPPS which catalyses 
the sequential and linear condensation of three molecules of IPP to an allylic primer DMAP. 
This step provides building blocks not only for carotenoid biosynthesis but also for gibberellin 
phytohormones and the phytyl side chain of chlorophylls, tocopherols and a large variety of 
diterpenes.  
Thus far, 12 putative GGPPS genes have been identified from sequenced Arabidopsis genome 
(Lange and Ghassemian, 2003) (www.atipd.ethz.ch), of which five have been characterized 
but only two were found to be located in plastids (Okada et al., 2000). In tomato, two plastidial 
isoforms of GGPPS enzyme were also characterized (Ament et al., 2006); in maize, the 
expression of only one out of three GGPPS genes described was shown to positively correlate 
with kernel endosperm carotenoid content (Vallabhaneni and Wurtzel, 2009).  
The presence of several GGPPS isoforms in most plants studied suggests that different 
isoforms may be involved in the synthesis of specific classes of isoprenoids. Consistently, 
GGPPS and PSY have been identified from multi-enzyme complexes in chromoplasts and this 
association can facilitate direct conversion of IPP and DMAP into phytoene (Islam et al., 1977; 
Maudinas et al., 1977; Camara, 1993). In maize, the transcription of genes encoding DXS, DXR 
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and HDR also showed significant correlation with that of the only GGPPS gene involved in 
carotenoid biosynthesis (Vallabhaneni and Wurtzel, 2009).  
It has been hypothesized that in carotenoid biosynthesis, precursor formation, their 
conversion to C40 backbone and further modifications form a co-ordinately regulated reaction 
chain, where carotenogenesis-associated GGPPS isoforms and enzymes in MEP pathway 
jointly channel well-regulated supply of metabolites and building blocks for carotenoid 
biosynthesis (Walter and Strack, 2011). However, it remains largely to be tested if metabolite 
channelling is a valid mechanism for the production of carotenoids in plant. 
1.2.2 Synthesis of the first carotenoid in the pathway: phytoene 
The first committed step in carotenoid biosynthesis is the formation of 15-cis-phytoene (also 
referred to as phytoene thereafter), a colourless compound, from two GGPP molecules. This 
step is catalysed by PSY that is probably the best-studied enzyme in plant carotenoid 
biosynthesis (Beyer et al., 1989; Hirschberg, 2001; Fraser and Bramley, 2004). The formation 
of phytoene by PSY involves two steps: the head-to-head condensation of two GGPP 
molecules to form the intermediate pre-phytoene diphosphate, followed by the elimination 
of the diphosphate group and a molecular structure rearrangement to form phytoene.  
Being an entry-point enzyme of carotenogenesis, PSY is strongly regulated therefore regarded 
as the major rate-limiting enzyme in carotenoid biosynthetic flux (Hirschberg, 2001; Giuliano 
et al., 2008; Cazzonelli and Pogson, 2010). Altered PSY expression often affects carotenoid 
content in plants (Ducreux et al., 2005; Fraser et al., 2007; Maass et al., 2009; Welsch et al., 
2010; Cao et al., 2012). Interestingly, overexpression of PSY may not boost up the carotenoid 
flux as expected; instead it could lead to dwarf phenotypes along with altered carotenoid 
content in various tissues (Fray et al., 1995; Busch et al., 2002). The mechanism could be due 
to depleted GGPP pools for biosynthesis of phytohormones such as gibberellin and/or down-
regulation of PSY by co-suppression effects. 
As discussed in section 1.2.1, it has been found that PSY activity is associated with enzymes 
GGPPS and IDI in a huge enzyme complex (up to 200 kD), which may facilitate channelling 
isoprenoid precursors formed in the stroma (Camara, 1993; Fraser et al., 2000). The enzyme 
complex likely localizes in membranes because phytoene is a hydrophobic carotenoid. Indeed 
PSY enzymes have been detected on membranes in all kinds of plastids (Dogbo et al., 1988; 
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Bonk et al., 1997; Fraser et al., 2000; Welsch et al., 2000; Li et al., 2008b) but GGPPS and IDI 
have been found soluble (Joyard et al., 2009). A study of PSY localization in white mustard 
(Arabidopsis relative) found that  PSY was isolated from both membrane and stroma fractions, 
but PSY activity was detected only in membrane pellets (Welsch et al., 2000). Together with 
other results, this suggests that membrane association was required for the activity of PSY.  
While there is only one PSY gene (At5g17230) in Arabidopsis, most plants have gene families 
encoding PSY (Ruiz-Sola and Rodriguez-Concepcion, 2012). There are at least three PSY 
homologues in tomato, carrot (Daucus carota), rice (Oryza sativa), maize and cassava 
(Manihot esculenta), and two genes encoding PSY isoforms in tobacco (Fraser et al., 1999; 
Busch et al., 2002; Giorio et al., 2008; Li et al., 2008b; Welsch et al., 2008; Arango et al., 2010). 
The expression of Arabidopsis PSY gene has been found in all photosynthetic and non-
photosynthetic tissues (Welsch et al., 2003), and is correlated with other genes in the 
carotenoid pathway and MEP pathway as well as GGPPS (Meier et al., 2011).  
In other plants, some PSY isoforms are expressed in chloroplasts in photosynthetic tissue, 
while others predominantly in other plastids such as chromoplasts in non-photosynthetic 
tissues. For example, tomato PSY2 transcripts were detected in all tissues and leaves showed 
the highest transcription level, whereas PSY1 transcripts were found to be extremely 
abundant in fruits at ripening stage (Kachanovsky et al., 2012). Maize PSY1 is expressed in 
seed endosperm while PSY3 transcripts have been predominantly detected in root (Li et al., 
2008a; Li et al., 2008b). 
Among the three well-characterized PSY isoforms in both maize and rice, PSY3 is expressed 
strongly in root and its transcription is regulated in response to drought, salt and abiotic 
stresses in roots (Li et al., 2008a; Li et al., 2008b). The regulation of PSY3 gene expression plays 
an essential role in ABA biosynthesis by determining root carotenoid biogenesis channelled 
into ABA formation, consistent to which ABA-response elements have been identified from 
PSY3 promoter in rice (Welsch et al., 2008).  
Similar with tomato, it has been also elucidated that the formation of carotenoids involved in 
photosynthesis in maize leaves requires another PSY homologue, PSY2 (Li et al., 2008a; Li et 
al., 2008b). Meanwhile, phylogenetic analysis on rice PSY (OsPSY) homologues indicated that 
PSY2 was likely the common ancestor of PSY1 and PSY3 genes, suggesting the presence of a 
single-copy PSY gene originally in higher plants (Welsch et al., 2008). 
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1.2.3 From phytoene to lycopene 
The chromophore of carotenoids contains a series of conjugated double bonds. Phytoene is 
an uncoloured carotene with only a central conjugated core of three double bonds. Naturally 
or artificially introducing additional double bonds by desaturation steps to phytoene confers 
carotenoids to different colours ranging from yellow, orange to red (Schmidt-Dannert et al., 
2000; Cazzonelli and Pogson, 2010).  
In the following steps of the carotenoid biosynthesis pathway in plants, four desaturation and 
two isomerization reactions introduce conjugated double bonds into phytoene to form the 
red-coloured all-trans-lycopene, sequentially via phytofluene, ζ-carotenes, neurosporene and 
pro-lycopene. These reactions are carried out by two desaturases and two isomerases. 
1.2.3.1 Desaturases 
As mentioned above, through four desaturation steps, phytoene is transformed into tetra-cis-
lycopene (ψ,ψ-carotene) which possesses eleven conjugated double bonds, sequentially via 
di-cis-phytofluene (7,8,11,12,7’,8’-hexahydro-ψ,ψ-carotene), tri-cis-ζ-carotene (7,8,7’,8’-
tetrahydro-ψ,ψ-carotene) and tri-cis-neurosporene (7,8-dihydro-ψ,ψ-carotene), and the 
number of conjugated double bonds is increased to five, seven and nine, respectively 
(Hirschberg, 2001; Fraser and Bramley, 2004). As the number of conjugated double bonds 
increases, the absorption of the C40 polyene chain is shifted towards longer wavelengths, 
which confers pale-yellow colour to ζ-carotene, orange colour to neurosporene, and red 
colour to lycopene (Cunningham and Gantt, 1998; Zhu et al., 2010).  
In plant and cyanobacteria, the desaturation steps are catalysed by phytoene desaturase 
synthase (PDS) and ζ-carotene desaturase (ZDS) (Fraser and Bramley, 2004; Sandmann, 2009). 
PDS introduces trans double bonds at the 11, 11ʹ positions to form 9,15,9ʹ-tri-cis-ζ-carotene, 
while ZDS introduces cis double bonds to form 7,9,9ʹ,7ʹ-tetra-cis-lycopene (Giuliano et al., 
2002).  
In contrast, nonphotosynthetic bacteria and fungi require only a single CrtI enzyme (phytoene 
desturase) to catalyse all desaturation steps and form all-trans-lycopene as the final product 
(Bartley et al., 1999). This was supported by an experiment overexpressing bacterial (Erwinia 
herbicola) CrtI along with daffodil (Narcissus pseudonarcissus) PSY and/or daffodil lycopene 
β-cyclase, and consequently obtaining the accumulation of phytoene, lycopene, β-carotene, 
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lutein and zeaxanthin in rice endosperm (golden rice) (Beyer et al., 2002; Al-Babili et al., 2006). 
The complicated desaturation and isomerization steps in plants generate several cis-carotene 
intermediates that may play regulatory roles within carotenoid biosynthesis.  
Arabidopsis PDS (encoded by At4g14210) and ZDS (encoded by At3g04870) 
(www.arabidopsis.org) and both have been identified from chloroplast envelope membrane 
sub-fraction by proteomic approaches (Joyard et al., 2009). Similar to GGPPS and PSY, the 
membrane-bound PDS from chloroplasts and chromoplasts was also detected in a large 
protein complex (350 kD), which is consistent with the proposed multi-enzyme complex 
containing membrane-associated PDS, ZDS and other enzymes in the carotenoid pathway to 
convert phytoene to cyclic carotenes (Cunningham and Gantt, 1998).  
PDS has also been found in soluble fractions (e.g. stroma) from Arabidopsis chloroplasts and 
other plastids but the soluble forms were inactive and associated with chaperone proteins (Al-
Babili et al., 1996; Bonk et al., 1997; Lopez et al., 2008b). It has been hypothesized that the 
association of PDS with chaperones is important for its activation through insertion into 
plastid membranes (Al-Babili et al., 1996; Bonk et al., 1997). ZDS was also found in chloroplast 
stroma and PDS in the thylakoid fraction (Mann et al., 2000). It remains to be elucidated what 
carotenogenic enzymes are in the membrane-associated PDS complex and if it also contains 
chaperone proteins as shown for the stroma complex. Future studies need to address the 
molecular mechanism of multi-enzyme association and coordination/regulation to perform 
the highly-regulated carotenoid biosynthesis process. 
Besides membrane association, the carotenoid desaturases also need to bind redox cofactors 
for their activity (Nievelstein et al., 1995). In accordance with this, all desaturases and 
isomerases in carotenoid biosynthesis possess a conserved flavin-binding motif near their N-
terminuses (Sandmann, 2009; Schaub et al., 2012). Evidences for the requirement of oxidized 
plastoquinone as an electron carrier for the desaturation reactions were from the 
characterization of pds1 and pds2 mutants in Arabidopsis, where the impaired plastoquinone 
biosynthesis was accompanied with accumulation of phytoene (Norris et al., 1995).  
A plastidial terminal oxidase (PTOX) was identified as a second component of the redox chain 
required for carotenoid desaturation, based on the characterization of another phytoene-
accumulating Arabidopsis mutant, immutans (im) (Wu et al., 1999; Carol and Kuntz, 2001). 
The im mutant shows variegated phenotype comprising green and albino sectored leaves due 
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to accumulation of phytoene and reduced photosynthetic carotenoids (Aluru et al., 2001). 
Plastoquinone is reduced in carotene desaturation reactions, and PTOX, as a plastoquinol-O2 
oxidoreductase, regenerates the oxidized plastoquinone required for the desaturases. Genetic 
lesions in PTOX hence lead to accumulation of phytoene in both leaves (chloroplasts) and fruit 
(chromoplasts), resulting in albino phenotypes such as white ‘ghost’ tomato (Josse et al., 
2000). 
While the above results suggested PTOX as an essential cofactor involved in carotenoid 
desaturation in both photosynthetic and non-photosynthetic tissues, other studies showed 
that PTOX is not absolutely required for carotenoid desaturases in photosynthetic tissues, 
implying the existence of an alternative, PTOX-independent plastoquinol-O2 oxidoreduction 
pathway (Carol and Kuntz, 2001; Shahbazi et al., 2007). Supporting this hypothesis, NADH 
dehydrogenase also catalyses the reduction of plastoquinone using electron donors in stroma 
(Burrows et al., 1998; Endo et al., 2008). However, the regulatory mechanisms to balance PTOX 
and NADH dehydrogenase and its biological implications have remained unclear. 
1.2.3.2 Isomerases 
Phytoene exists predominantly as the 15-cis isomer in carotenoid biosynthesis pathway in all 
higher plants, while the predominant isomer of lycopene has the more stable all-trans 
configuration, suggesting the requirement of cis-tans transition (isomerisation) (Beyer and 
Kleinig, 1991), possibly catalysed by isomerase(s) in the pathway. Catalysed by PDS, the 15-
cis-phytoene is converted to tri-cis-ζ-carotene, but this intermediate needs to be isomerized 
at the 15-cis double bond to form di-cis-ζ-carotene before two further desaturation steps can 
occur under the catalysis of ZDS (Bartley et al., 1999; Matthews et al., 2003; Breitenbach and 
Sandmann, 2005).  
Although the above isomerization can occur in the presence of light in the chloroplasts of 
green tissues, another enzyme is required in other plastids to carry out the isomerization in 
the absence of light (Breitenbach and Sandmann, 2005; Li et al., 2007). The enzyme ZISO has 
been found to catalyse this cis-trans transition enzymatically in plant. Based on the 
characterization of maize y9 and Arabidopsis zic mutants accumulating tri-cis-ζ-carotene in 
the dark, ZISO has been cloned from both plants (Li et al., 2007; Chen et al., 2010). In fact ZISO 
exists in all plants and algae, where its activity is required in both light-exposed and light-
deprived tissues, though the activity can be partially compensated by photoisomerization (Li 
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et al., 2007; Chen et al., 2010). Possessing membrane-spanning domains, ZISO is also 
predicted to be a membrane-associated enzyme, but it is yet to be determined whether this 
plastid-targeted enzyme is integrated into envelope or thylakoid membranes (Zybailov et al., 
2008; Ishikawa et al., 2009).  
Only one single gene encodes ZISO (At1g10830) in Arabidopsis, but two transcripts are 
produced by this gene. ZISO1.1 encodes a functional enzyme and is expressed in all tissues, 
while ZISO1.2 encodes a truncated protein that lacks the predicted transmembrane domains 
and possesses no enzymatic activity. Most other plants, including maize and rice, also have a 
single gene encoding ZISO, but interestingly no alternate transcripts have been found (Chen 
et al., 2010). 
Through another two desaturation steps, ZDS introduces two more cis-double bonds at the  
7-8 and 7’-8’ positions of di-cis-ζ-carotene, forming tetra-cis-lycopene (pro-lycopene) 
(Breitenbach and Sandmann, 2005; Sandmann, 2009). In the presence of light, 
photoisomerization is sufficient to convert pro-lycopene to all-trans-lycopene (Cazzonelli and 
Pogson, 2010). However in the dark or nonphotosynthetic tissues, a second round of 
enzymatic isomerization must be carried out by another isomerase (Park et al., 2002; 
Cazzonelli and Pogson, 2010).  
A carotenoid isomerase (CRTISO) was identified by characterizing tomato tangerine and 
Arabidopsis ccr2 (carotenoid and chloroplast regulatory 2) mutants (Isaacson et al., 2002; Park 
et al., 2002). Tomato tangerine mutant has orange fruit, yellowish young leaves and pale 
flowers (Isaacson et al., 2002). In the Arabidopsis ccr2 mutant, etiolated seedlings accumulate 
poly-cis carotenes including pro-lycopene in etioplasts and the change of carotenoid content 
is correlated with the lack of PLBs. In wild type Arabidopsis, cyclic xanthophylls lutein and 
violaxanthin are associated with PLBs which form the lattice of etioplast tubular membranes 
to disperse into chloroplast thylakoids upon illumination (Park et al., 2002).  
CRTISO isomerizes cis-bonds (at 7,9 and 7’,9’ positions) in pro-lycopene and forms all-trans-
lycopene (Isaacson et al., 2004). To be active, CRTISO requires membrane-association and a 
flavin adenine dinucleotide (FAD) cofactor in a reduced form. Interestingly, although CRTISO 
shows some sequence similarity to plant PDS and ZDS, unlike both of them, it lacks desaturase 
activity and catalyses reactions that do not involve net electron transfer (Isaacson et al., 2004; 
Yu et al., 2011). CRTISO shares 20 – 30% amino acid identity to bacterial carotenoid 
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desaturases CrtI, particularly at the N-terminal FAD-binding domain which is conserved in all 
desaturases and cyclases (Sandmann, 2009; Schaub et al., 2012). Apart from CCR2/CRTISO1 
(At1g06820) encoding a functional CRTISO enzyme in Arabidopsis, CRTISO2 (At1g57770) has 
also been proposed to encode a protein named CRTISO2 (Lange and Ghassemian, 2003), 
although no enzymatic activity has been detected from CRTISO2 (Park et al., 2002). 
It has been proposed that the cis-carotenes produced in carotenoid biosynthesis may serve as 
novel signalling molecules and regulate chloroplast biogenesis and plant development under 
certain circumstances (Kachanovsky et al., 2012). As the defective CRTISO genes in Arabidopsis 
ccr2 and tomato tangerine cause accumulation of cis-carotenes (Park et al., 2002; 
Kachanovsky et al., 2012), CRTISO may play an important regulatory role in the carotenoid 
pathway and plant development. However, at present no convincing results are available to 
support the above hypothesis. 
1.2.3.3 The complication of carotene desaturation 
Bacterial crtI genes encode desaturases that can convert phytoene to neurosporene with 
three desaturation steps (first gene cloned in Rhodobacter capsulatus), or to lycopene with 
four steps (first gene cloned in Erwinia herbicola) (Armstrong et al., 1989; Bartley and Scolnik, 
1989), while crtI-like desaturase gene al-1 from the fungus Neurospora crassa encodes a 
desaturase that can convert phytoene to 3,4-dehydrolycopene through five steps (Hausmann 
and Sandmann, 2000). Similarly, the diapophytoene desaturase CrtN is also diverse on the 
number of desaturation steps (Raisig and Sandmann, 1999; Tao et al., 2005). Though crtI and 
crtN genes can be classed into three clusters by phylogenetic analysis, each of them encodes 
a single desaturase that is sufficient for the entire desaturation and cis-trans transition process 
in carotenoid biosynthesis.  
Quite differently, in cyanobacteria and plant there are two desaturases (PDS/CrtP and 
ZDS/CrtQb) and two isomerases (ZISO and CRTISO) to catalyse the conversion of 15-cis-
phytoene to all-trans-lycopene (Chamovitz et al., 1990; Chamovitz et al., 1991; Pecker et al., 
1992; Albrecht et al., 1995; Breitenbach et al., 1998; Bartley et al., 1999). The plant poly-cis 
pathway from phytoene to lycopene generates a number of cis-carotene intermediates 
(Clough and Pattenden, 1979; Goodwin, 1983) which may serve regulatory roles in carotenoid 
biosynthesis, plant development or stress responses. 
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In a study on tomato mutant yellow-flesh (r) and tangerine (t), the transcription of PSY in fruit 
was shown to be eliminated by single mutant r2997, while the transcription of PSY was partially 
restored in the double mutant r2997/t3002. Because t3002 has a mutation in the gene CRTISO, it 
has been suggested that the accumulated pro-lycopene and tri-cis-neurosporene in 
carotenoid biosynthesis pathway act as signalling molecules to regulate the transcription of 
PSY and might also produce regulatory signals for other pathways in plant development 
(Kachanovsky et al., 2012). This provides a possible explanation for why plants use a 
complicated poly-cis pathway that involves four enzymes in carotenogenesis.  
Though CrtI and the enzymes in poly-cis pathway both convert 15-cis-phytoene to all-trans-
lycopene, biochemically they are not identical (Sandmann, 2009; Walter and Strack, 2011). 
While CrtI alone forms all-trans-lycopene without detectable intermediates, all of the cis-
configured intermediates in the plant poly-cis pathway exist in detectable concentrations 
(Isaacson et al., 2004). Furthermore, tri-cis-neurosporene and pro-lycopene can both be 
cleaved by CCDs to produce cis-configured apocarotenoids that may serve as signalling 
molecules, particularly when their concentrations are altered under stress or during 
disturbance of carotenoid biosynthesis (also see section 1.5).  The activity of CRTISO is then 
important not only for carotenoid biosynthesis but also for controlling the level of cis-
carotenes, that themselves or after cleavage may serve as signalling molecules.  
Besides the regulatory mechanism described above, other regulatory loops may also exist in 
tomato fruit, as suggested by a study using Virus Induced Gene Silencing (VIGS) to examine 
the functions of carotenogenic enzymes (Fantini et al., 2013). The transcription of ZISO was 
induced when PDS was silenced, and similarly CRTISO transcript was increased when ZDS was 
silenced. Two functional units comprising PDS/ZISO and ZDS/CRTISO, respectively, were hence 
proposed to be under the regulation of two regulatory loops which may sense the levels of 
downstream cis-confirmed carotenoids (such as prolycopene) or the derivatives (Fantini et al., 
2013).  
In another study addressing the reason why “golden rice” is yellow (golden) instead of red, 
the expression of bacterial crtI gene was suggested to greatly up-regulate the endogenous 
carotenoid biosynthesis in the target tissue in rice by a feedback loop. The absence of cis-
carotenes including pro-lycopene due to the bypass of the poly-cis pathway, and/or the 
constitutive production of all-trans-lycopene, both mediated by bacterial ctrI gene in the 
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transgenic rice, were proposed to initiate the feedback regulation (Schaub et al., 2005). 
Despite that the expression of intrinsic carotenoid biosynthesis genes in rice was shown 
unchanged, the lack of cis-carotenes can still be speculated to lie in protein expression and/or 
enzymatic activity. 
1.2.4 Cyclization of lycopene 
An essential modification of the linear C40 backbone of all-trans-lycopene is the cyclization of 
both ends as a branch point of the carotenoid biosynthesis pathway to generate diversified 
carotenoid. Formation of cyclic terminal groups is initiated by proton attack at the terminal C-
1,2 double bond of the hydrocarbon chain. Two types of cyclic terminal groups can be 
generated by enzymatic cyclization: ε- and β-rings, and they only differ in the position of the 
double bond in the ring, which depends on the nature of the cyclase enzyme (Fraser and 
Bramley, 2004). A β-ring only has one conformation because the double bond within the ring 
is in conjugation with the backbone, while a ε-ring can rotate within a range because its double 
bond is not in conjugation (Ruiz-Sola and Rodriguez-Concepcion, 2012).  
At this branch point the carotenogenesis pathway bifurcates to β,β-carotenoids with two β 
rings (e.g. β-carotene and derived β,β-xanthophylls such as zeaxanthin, violaxanthin and 
neoxanthin) and β,ε-carotenoids with one β-ring and one ε-ring (e.g. α-carotene and derived 
β,ε-xanthophylls such as lutein) (Hirschberg, 2001). The formation of ε,ε-ring carotenoids is 
uncommon in plants, and has only been found in a few species. For example, lettuce (lactuca 
sativa) can produce a ε,ε-xanthophyll named lactucaxanthin, via ε-carotene (Phillip and Young, 
1995; Cunningham and Gantt, 2001). In plant, two different lycopene cyclases carry out the 
formation of β- and ε-rings: LCYB creates β-rings, and LCYE forms ε-rings (Cunningham et al., 
1993; Pecker et al., 1996; Ronen et al., 1999; Cunningham and Gantt, 2001).  
While LCYE normally generates only one ring at one end of the linear lycopene, LCYB creates 
one β-ring at each end of the C40 backbone to produce the bicyclic β-carotene via a monocyclic 
γ-carotene (β,ψ -carotene) (Walter and Strack, 2011). The two cyclases together can hence 
catalyse the conversion of lycopene to α-carotene containing one β- and one ε-ring, via the 
monocyclic δ-carotene (ε,ψ-carotene), which initiates the other branch of the carotenoid 
pathway (Ronen et al., 1999). Interestingly, only a single amino acid determines the molecular 
nature of LCYE to stop after the first cyclization, as verified by a mutated Arabidopsis LCYE 
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with only Lysine448 changed to Histidine but leading to the formation of two ε-rings 
(Cunningham and Gantt, 2001).  
Under the catalysis of only LCYE (without LCYB) in maize, the monocyclic δ-carotene and 
uncommon bicyclic ε,ε-carotene can both be synthesized by the cyclization of either one or 
both ends of the hydrocarbon backbone, respectively (Bai et al., 2009). In another study, the 
characterization of Arabidopsis lut2 mutant possessing a defective LCYE gene showed no 
accumulation of any ε-ring carotenoid, while β-cyclization is intact (Pogson et al., 1996). Taken 
together, LCYE has been proposed to be rate-limiting in the formation of lutein in carotenoid 
biosynthesis. 
It has been proposed that the cyclases are also membrane-associated proteins and involved 
in enzyme complexes that coordinate related steps in the carotenoid pathway (Cunningham 
and Gantt, 1998). LCYB has been identified from envelop membranes by proteomic 
approaches, although the existence of enzyme complexes involving LCYB and/or LCYE has 
remained to be verified (Joyard et al., 2009). It has been further hypothesized that the absence 
of ε,ε-carotenoids in most plants is due to enzyme complexes containing both LCYE and LCYB 
or only the later (Cunningham and Gantt, 1998; Bai et al., 2009). Consequently, the relative 
amounts or activities of the two cyclases in plant may determine the proportion of β,β- and 
β,ε-carotenoids (Pogson et al., 1996; Ronen et al., 2000; Harjes et al., 2008).  
All carotenoid cyclases, including crtY from nonphotosynthetic bacteria, CrtL from 
cyanobacteria and plant LCYB and LCYE, have been shown to require an FAD cofactor in a 
reduced form with no net redox in catalysis (Yu et al., 2010). This character requires a 
conserved FAD-binding domain in all carotenoid cyclases, although similarity of these cyclases 
is rather low. It is hypothesized that plant cyclases were originated from CrtL, and that LCYE in 
plant might be evolved from LCYB by gene duplication (Klassen, 2010). Consistently, all 
carotenoid-synthesizing organisms form β-rings from the linear C40 backbone, while only 
photosynthetic organisms produce ε-rings (Kim and DellaPenna, 2006), suggesting that LCYE 
was a descendant of LCYB.  
While LCYE is typically encoded by single-copy genes in most plants, LCYB is encoded by small 
gene families in some plants, or by single-copy genes in others (e.g. maize and rice 
(Cunningham et al., 1996; Lange and Ghassemian, 2003; Chaudhary et al., 2010) 
(www.phytozome.net). In Arabidopsis, two single-copy genes with significant homology 
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encode LCYB (At3g10230) and LCYE (At5g57030) (www.arabidopsis.org). In tomato, there are 
two LCYB genes with significant homology, LCYB1/CRTL-B1 and LCYB2/CRTL-B2. They share 53% 
similarity in amino acid sequence. The expression of LCYB1 was found mainly in leaves and 
flowers, and its transcription was down-regulated during fruit ripening (Pecker et al., 1996; 
Ronen et al., 2000). LCYB2 is chromoplast-localized, and its expression was mainly found in 
fruit (Ronen et al., 2000). LCYB2 also shows similarity to the pepper capsaxanthin-capsorubin 
synthase (CCS) (Ronen et al., 2000).  
Introducing daffodil LCYB gene introduced into tomato plastid genome led to almost 
eliminated lycopene and significantly elevated β-carotene in tomato fruits. Meanwhile the 
total carotenoids were increased by more than 50% (Apel and Bock, 2009). In another 
interesting test with potato, the introduction of an antisense fragment of LCYE gene under the 
control of a tuber-specific promoter to down-regulate the expression of potato LCYE gene led 
to significantly increased β,β-carotenoids including β-carotene. However, in contrast to 
expectation, the level of lutein was not reduced and total carotenoids increased up to 2.5-fold 
(Diretto et al., 2006). These results together raised a hypothesis that the activities and gene 
expression of not only cyclases but also other key enzymes in carotenoid biosynthesis pathway 
are regulated by a complex mechanism involving metabolic feedback to dynamically control 
the flux of the whole pathway. 
1.2.5 The formation of xanthophylls 
The cyclic α- and β-carotenes are further hydroxylated at positions C-3 and C-3’ of each ionone 
ring to produce the oxygenated carotenoids, xanthophylls (lutein and zeaxanthin from α- and 
β-carotenes, respectively) (Zhu et al., 2010). Lutein is the end of the α-carotene branch of the 
carotenoid pathway. On the β-carotene branch, zeaxanthin undergoes two-step epoxidation 
at positions C-5,6 and C-5’,6’ of the 3-hydroxy β-rings to yield antheraxanthin (epoxidated at 
one ring) and then violaxanthin. Violaxanthin can be de-epoxidated into zeaxanthin via 
antheraxanthin in the xanthophyll cycle to dissipate excess light energy, or converted to 
neoxanthin, making an end of the β,β-branch of the pathway (Hirschberg, 2001; Zhu et al., 
2010; Walter and Strack, 2011). 
1.2.5.1 Hydroxylases 
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The introduction of hydroxyl moieties to α- and β-carotene at the 3,3’-position of ionone rings 
is carried out by two different types of carotenoid hydroxylase specific for β- or ε-rings with 
possible crossover (Kim et al., 2009; Kim et al., 2010). The ferredoxin-dependent non-heme 
di-iron enzymes (BCH type) catalyse the hydroxylation of β-rings and convert β-carotene to 
β,β-xanthophylls, while the heme-containing cytochrome P450 hydroxylases (CYP97 type) 
perform the hydroxylation of both β- and ε-rings and convert α-carotene to the β,ε-
xanthophyll lutein (Pogson et al., 1996; Sun et al., 1996; Tian and DellaPenna, 2001; Tian et 
al., 2004; Kim and DellaPenna, 2006).  
In most plants, both BCH type and CYP97 type hydroxylases are encoded by gene families. 
Normally a CYP97 gene family consists of three lineages (A, B and C) whereas BCH genes are 
in small gene families. BCH type hydroxylases share similarity with the bacteria crtZ and 
cyanobacteria CrtR-B enzymes that also perform the hydroxylation of β-rings (Tian and 
DellaPenna, 2004; Galpaz et al., 2006). At least four genes encoding two BCH type 
hydroxylases and two CYP97 type hydroxylases were found in Arabidopsis: BCH1/AtB1 
(At4g25700), BCH2/AtB2 (At5g52570), CYP97A3/LUT5 (At1g31800) and CYP97C1/LUT1 
(At3g53130) (Sun et al., 1996; Tian and DellaPenna, 2001; Tian et al., 2004; Kim and 
DellaPenna, 2006). Interestingly, as indicated by phylogenetic study, BCH genes were 
originated by duplication from a common ancestor after the separation of monocot and dicot, 
while the origination of CYP97 lineages happened much earlier, before the green algae and 
higher plant split point (Kim et al., 2009; Bak et al., 2011). It has hence been proposed that 
the two branches in the carotenoid pathway synthesizing β,β- and β,ε-xanthophylls evolved 
independently and the enzymes involved in each branch may be regulated independently as 
well (Kim and DellaPenna, 2006). 
The functions and specificities of the four Arabidopsis hydroxylases have been studied with 
multiple mutants (Kim et al., 2009; Kim et al., 2010). A quadruple mutant showed albino 
phenotype and a complete loss of xanthophylls, and the accumulated α- and β-carotenes were 
only about 10% of the wild-type levels (Kim et al., 2009), suggesting that the four hydroxylases 
are essential and sufficient for carotenoid biosynthesis in Arabidopsis. Triple mutants with 
intact CYP97C1 still maintained near normal lutein levels, suggesting that CYP97C1 can 
effectively catalyse the hydroxylation of both β- and ε-rings of α-carotene (Kim et al., 2009).  
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Based on analysis of multiple mutants, CYP97A3 is most effective at hydroxylating the β-rings 
of α-carotene but it also has low activity toward the ε-rings; both CYP97A3 and CYPC1 have 
limited hydroxylation activity towards the β-rings of β-carotene (Kim et al., 2009). BCH 
enzymes were found most active in the conversion of β-carotene to β,β-xanthophylls by 
hydroxylating the β-rings, although they can also hydroxylate the ε- and β-rings of α-carotene 
with a low activity (Sandmann et al., 2006; Kim et al., 2009). In fruits, seed and flowers which 
accumulate β,β-xanthophylls, BCH genes show differential expression with one isogene 
predominantly expressed in a certain tissue (Ruiz-Sola and Rodriguez-Concepcion, 2012). One 
explanation lies in that the differential expression of BCH genes facilitates the regulation of 
xanthophylls biosynthesis in a tissue-specific manner. 
A fifth Arabidopsis hydroxylase CYP97B3 (At4g15110) has also been identified and indicated 
to be phylogenetically related to CYP97A3 and CYP97C1. CYP97B3 showed hydroxylase activity 
when overexpressed in both E. coli and transgenic plants. However, given that CYP97B3 was 
excluded from the quadruple mutant experiment, the in vivo activity of this enzyme may 
require association with the other hydroxylases, or it may not be functional in carotenoid 
biosynthesis (Kim et al., 2009; Kim et al., 2010). Future research can be carried out to 
characterize Arabidopsis CYP97B3-defective mutants to examine the in vivo activity of 
CYP97B3 and address its role in the carotenoid pathway. 
Similar to other P450 proteins, all three Arabidopsis CYP97 type hydroxylases possess 
conservative transmembrane motifs (Chapple, 1998), which suggest them to be membrane-
associated enzymes. In agreement with this view, all of them have been detected only in 
chloroplast envelope membrane fractions (Joyard et al., 2009). These results also support the 
hypothesis that enzymes involved in carotenoid biosynthesis form protein complexes to 
coordinate the metabolic flux through the pathway, because many other enzymes in the 
pathway have also been localized in membranes, as discussed in previous sections in this 
review. The BCH hydroxylases in Arabidopsis also have four transmembrane helices, 
suggesting their localization in envelope or thylakoid membranes (Cunningham and Gantt, 
1998), but experimental data are yet to be presented to support the deduction. 
1.2.5.2 Xanthophyll cycle 
While the hydroxylation of α-carotene forms lutein, one of the end-products in 
carotenogenesis, the hydroxylation of β-carotene produces zeaxanthin that initiates the 
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xanthophyll cycle (or violaxanthin cycle) protecting photosynthesis apparatus against 
excessive light energy (Jahns et al., 2009). The xanthophyll cycle is localized in plant thylakoid 
membranes and it involves several xanthophylls and cofactors (Hager and Holocher, 1994; 
Gilmore, 1997; Hirschberg, 2001).  
The production of violaxanthin, in dark or under light conditions which do not exceed the 
photosynthesis capacity, is catalysed by zeaxanthin epoxidase (ZEP) in two steps with 
antheraxanthin as an intermediate. While under these conditions violaxanthin is the major 
pigment in the xanthophyll cycle, in excessive light it is de-epoxidized by violaxanthin de-
epoxidase (VDE) into zeaxanthin that is more effective in the thermal dissipation of excess 
excitation energy (Demmig-Adams et al., 1996; Cunningham and Gantt, 1998).  
The interconversion of zeaxanthin and violaxanthin plays an essential role in adapting plants 
to different light conditions by flexibly switching between light-harvesting state and dissipative 
state (Bassi et al., 1993; Hirschberg, 2001). Interestingly, the two enzymes in the xanthophyll 
cycle are on opposite side of the thylakoid membrane, with VDE on the lumen side and ZEP 
on the chloroplast stromal side (Demmig-Adams et al., 1996; Hieber et al., 2000; Yamamoto, 
2006). 
As a monooxgenase, ZEP has been found to require ferredoxin, FAD and NADPH, implicating 
reduced ferredoxin as the reductant for the epoxidase reaction (Bouvier et al., 1996). In 
agreement with these results, a FAD-binding domain has also been found in ZEP (Marin et al., 
1996). The cDNA of Zep1, the first gene encoding ZEP, was cloned from Nicotiana 
plumbaginifolia (ABA-defective mutant aba2) and pepper (Bouvier et al., 1996). 
Characterization of Arabidopsis mutants npq1 and npq2 identified VDE/NPQ1 (At1g08550 
encoding Arabidopsis VDE) and ZEP/NPQ2/ABA1 (At5g67030 encoding Arabidopsis ZEP), 
respectively (Niyogi et al., 1998; Niyogi, 1999). The npq1 mutant showed significantly reduced 
non-photochemical quenching (NPQ) as well as consequently increased photoinhibition. The 
npq2 mutant was actually identified in a screening for ABA-deficient mutants and found to 
constitute a new allele in Arabidopsis mutant aba1, where a defective ZEP gene was 
characterized (Niyogi et al., 1998). The characterization of these Arabidopsis mutants and 
identification of ZEP and VDE genes have defined the key role that the xanthophyll cycle plays 
in plant photoprotection.  
1.2.5.3 Production of Neoxanthin 
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Violaxanthin is converted to neoxanthin by neoxanthin synthase (NXS), which represents the 
final step in the classical carotenoid biosynthesis pathway. Both 9-cis-neoxanthin and 9-cis-
violaxanthin can be cleaved by Nine-cis-epoxy-dioxygenase (NCED), products of which can be 
further modified to form the plant growth regulator ABA (Seo and Koshiba, 2002; Chinnusamy 
et al., 2008). NCEDs are further discussed in section 1.5. Surprisingly, the first studies trying to 
identify genes encoding enzymes with NXS activity led to the cloning of genes that were 
homologous to LCYB and CCS, which encodes CCS enzyme involved in the production of keto-
xanthophylls capsanthin and capsorubin conferring the red colour in pepper fruit 
chromoplasts (Bouvier et al., 1994).  
Another interesting result was that the tomato NXS enzyme turned out to be nearly identical 
to LCYB2, suggesting the possibility of a bi-functional NXS in tomato. It is possible that NXS 
can  catalyse both the conversion of lycopene to β-carotene and the production of neoxanthin 
from violaxanthin (Ronen et al., 2000). However, given that neoxanthin is still produced in 
LCYB2-defective tomato mutants, there should be an independent NXS enzyme (Ronen et al., 
2000).  
A novel gene encoding ABA4, a chloroplast membrane protein in Arabidopsis, was shown to 
be involved in neoxanthin synthesis. The aba4 mutant displayed reduced levels of ABA and 
was more sensitive to oxidative stress than wild-type leaves, demonstrating the requirement 
of neoxanthin in ABA biosynthesis (Dall'Osto et al., 2007; North et al., 2007). Although, similar 
with many other enzymes in Arabidopsis carotenoid biosynthesis, ABA4 was found to be 
localized in chloroplast envelope membranes. The ABA4 gene (At1g67080) exhibits different 
expression patterns when compared to other genes in the carotenoid pathway (Ruiz-Sola and 
Rodriguez-Concepcion, 2012). 
1.2.6 Cross-talk between MEP and carotenoid pathways 
As discussed in section 1.2.1 in this review, the channelling of C5 precursors (prenyl 
diphosphate) to the carotenoid biosynthesis pathway has been proposed to be under fine 
regulation to ensure that the building blocks will be supplied when necessary. In accordance 
to this view, cross-talk between the MEP pathway and the carotenoid pathway has been 
suggested by recent studies.  
Tomato PSY1 had been deemed as the only rate-limiting enzyme in fruit carotenogenesis, until 
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results suggested that DXS from the MEP pathway possibly catalysed the first regulatory step 
in carotenoid biosynthesis during tomato fruit ripening, and that an active cross-talk might 
exist between DXS and PSY to efficiently tune up carotenoid accumulation in the fruits (Lois 
et al., 2000). In agreement with the above observations, overexpression of Arabidopsis DXS 
and HDR, the key flux-controlling enzymes in the MEP pathway, up-regulated carotenoid 
biosynthesis in light-grown photosynthetic tissues. However, increased carotenoid levels were 
not seen in etiolated tissues (Botella-Pavia et al., 2004; Rodriguez-Villalon et al., 2009a), 
probably because the expression and activity of PSY in dark-grown seedlings are suppressed 
as reported in another study (Toledo-Ortiz et al., 2010).  
Overexpression of PSY in photosynthetic tissues led to unexpected dwarf phenotypes and 
reduced carotenoid levels, possibly due to lack of other isoprenoids including the gibberellins 
resulting from a depleted GGPP pool (Fray et al., 1995) (Also described in section 1.2.2). Taken 
together, coordination between the MEP pathway and the carotenoid pathway can deliver 
balanced precursor supply to carotenoid biosynthesis and problems may arise if the cross-talk 
is ‘broken’. 
In plants such as Arabidopsis (Botella-Pavia et al., 2004; Wille et al., 2004), tomato (Lois et al., 
2000) and pepper (Bouvier et al., 1998b), evidence has shown a close regulatory connection 
between key genes in MEP pathway and carotenoid pathway, particularly those at rate-
limiting/flux-controlling steps. As an example, the expression of Arabidopsis MEP pathway 
genes DXS and HDR was suggested to coordinate the induction of PSY triggered by illumination 
during the deetiolation process (von Lintig et al., 1997; Botella-Pavia et al., 2004).  
Consistently, in another study on phytochrome-mediated light signals regulating the 
expression of PSY in Arabidopsis, PIF1, the transcription factor that directly binds to the 
promoter of PSY gene to repress its transcription in etiolated seedlings, was shown to be 
degraded after interaction with photoactivated phytochromes (PHY), leading to a rapid 
increase of PSY transcription level and a burst in the production of carotenoids to meet the 
requirements in chloroplast development upon exposure to light (Castillon et al., 2007; 
Toledo-Ortiz et al., 2010). PIFs also bind to DXS promoter and repress its transcription (Leivar 
et al., 2009; Toledo-Ortiz et al., 2010). In the above studies, the derepression of DXS was also 
observed along with that of PSY, although DXS promoter lacks the G-box motif which has been 
found in PSY promoter as a binding site of PIF1 (Leivar et al., 2009; Toledo-Ortiz et al., 2010).  
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In addition to transcription level, increased PSY activity during deetiolation was found to 
stimulate the accumulation of DXS enzyme at post-transcriptional level via metabolite 
feedback (Guevara-Garcia et al., 2005). However, the metabolites that are involved in the 
feedback remain to be identified. On the other hand, elevated level of DXP (the product of 
DXS enzyme) appears to be correlated with up-regulated PSY gene expression and PSY enzyme 
activity (to a lower extent) in tomato fruit (Lois et al., 2000; Rodriguez-Concepcion et al., 2001).  
As a summary, the cross-talk between MEP and carotenoid pathways rely on the coordination 
at transcriptional level and post-transcriptional feedback mechanisms. The cross-talk occurs 
to not only ensure an appropriate supply of prenyl diphosphate precursors for carotenoid 
biosynthesis at different developmental stages, but also maintain an efficient entry of the 
precursors to carotenoid pathway. 
1.3 Localization of the carotenoid biosynthetic metabolon 
In plant, carotenoid biosynthesis occurs on plastid membranes and the pathway enzymes are 
encoded by nuclear genes (Cuttriss et al., 2011). The enzymes involved in the carotenoid 
pathway have been proposed to form a metabolon that holds multiple coordinating enzymes 
together by noncovalent interactions and channels the intermediary products through 
enzyme complex(es) along the pathway (Bassard et al., 2012; Quinlan et al., 2012; Shumskaya 
and Wurtzel, 2013). In agreement with this view, carotenoid pathway intermediates have been 
found largely absent (Wurtzel, 2004; Quinlan et al., 2012), and enzyme complexes with high 
molecular weights containing carotenoid biosynthesis enzymes have been identified from 
plastids (Al-Babili et al., 1996; Bonk et al., 1997; Cunningham and Gantt, 1998; Lopez et al., 
2008a). The formation of metabolon results in interactions between enzymes and may affect 
their activities and localization. However, little is known about the localization and regulation 
of this dynamic metabolon, the carotenoid biosynthetic machinery. 
1.3.1 Where is the key enzyme PSY localized? 
PSY catalyses the entry point of GGPP to carotenoid pathway, and hence acts as the head of a 
proposed enzyme metabolon. Though the only Arabidopsis PSY enzyme and rice PSY isoforms 
are found to localize to plastoglobuli (Shumskaya et al., 2012; Shumskaya and Wurtzel, 2013) 
attached to thylakoids (in chloroplast) (Austin et al., 2006), not all PSYs localize identically. 
Additionally, details of plastoglobular association in nonphotosynthetic plastids have 
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remained unclear. Maize PSY1 isozyme differs from others in that its physical localization can 
be altered and depends on its allelic variant (Shumskaya et al., 2012).  
Sequence alignment showed that maize PSY1 had an Asn168 compared with a Serine of other 
PSYs at the same position, and a Thr257 that is occupied by a Proline in other PSYs (Shumskaya 
et al., 2012). The molecular basis of the unique dual localization of maize PSY1 to stroma or 
attached to membranes is thus reflected by sequence difference. A T257P mutation in maize 
PSY1 strikingly altered it localization by forming unusual spikes that stretched chloroplasts and 
caused a morphological change from round elliptical to diamond with sharp corners where 
spikes touched envelope membrane. A second N168S mutation restored the stroma 
localization of the progenitor PSY1. The altered localization of the T257P mutant and 
morphological change of chloroplasts were suggested to result from increased activity of PSY1, 
because the mutated enzyme was located in fibrillar plastoglobuli which is formed when the 
concentrations of carotenoids are high (Shumskaya et al., 2012). The introduction of a second 
D285E mutation to the T257P mutant of PSY1 inactivated the enzyme and restored its stromal 
localization (Shumskaya et al., 2012). An interesting hypothesis based on this study is that, by 
forming different types of plastoglobuli, fibrillar or globular, PSY1 isoforms may direct 
carotenogenesis to different plastid compartments. 
1.3.2 Enzyme metabolon: localization and regulation 
Answering some questions on PSY localization has opened more questions on where and how 
the entire carotenoid pathway is reconstituted.  
In Arabidopsis chloroplasts, only a few enzymes in carotenoid biosynthesis are found in 
thylakoids, while most others, if not all (because localization of some enzymes are 
undetermined), are identified in envelope membranes (Joyard et al., 2009). If the metabolon 
is localized on envelope membranes, how are carotenoids delivered to thylakoids to play 
important roles in photosynthesis and photoprotection? Could the pathway be carried out on 
two sites: envelope and thylakoids, with two independent metabolons producing carotenoids 
possessing different biological functions? If there is a metabolon on thylakoids, why are many 
carotenogenesis enzymes missing from, or undetectable in this structure? The distinctive 
localization of most PSYs on plastoglobuli attached to thylakoids suggests that PSY may be 
physically separated from the remainder of the pathway. If so, how is PSY recruited to form a 
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complete pathway?  
The dynamically localized maize PSY1, either being soluble in stroma or attaching to 
carotenoid crystals that can touch membranes (Shumskaya et al., 2012), may suggest a 
dynamic assembly of the metabolon, recruiting carotenoid enzymes as needed to meet 
dynamic requirements in a living cell. In a dynamic fashion, localization of all carotenoid 
enzymes on one site would not be necessary. Or maybe the putative metabolon consists of a 
few enzyme complexes to coordinate carotenoid biosynthesis. Associated questions would be 
on the trafficking of carotenoids. If there are more than one enzyme complexes in the 
metabolon, transporters for metabolic intermediates are yet to be described. Although 
envelope localized carotenoid pathway can supply substrates for ABA synthesis, part of which 
happens outside of plastid (Cutler et al., 2010), carotenoids need to be transferred to 
thylakoids by a certain mechanism, probably via vesicular transport.  
While many carotenoid enzymes are localized to the envelope in chloroplasts, these enzymes 
are observed in plastoglobuli in chromoplasts, the plastid mainly sequesters carotenoids. 
Chromoplast carotenoids may hence be synthesized in plastoglobuli rather than being formed 
elsewhere and sequestered in plastoglobuli. How is the carotenoid pathway reconstituted in 
plastoglobuli? If there is a different metabolon in chromoplast recruiting carotenoid enzymes 
via different mechanisms, what happens to these enzymes during chloroplast to chromoplast 
transition? Because plastids are dynamic organelles that alter their structures and metabolism 
under developmental regulations (Egea et al., 2011), the re-assembly and re-localization of 
the carotenoid metabolon would be inevitable, if this putative carotenoid biosynthesis 
machinery actually exists. 
1.4 Regulation of carotenoid biosynthesis 
Despite the many in-depth studies on plant carotenoid biosynthesis, it has been a challenge 
to gain a clear insight into the mechanisms by which this pathway is regulated. The regulation 
of carotenoid biosynthesis is carried out in response to various development requirements 
and environmental stimuli. Here I review the progress on the regulation of carotenoid 
pathway at both transcriptional and post-transcriptional levels. 
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1.4.1 Carotenogenic gene transcription 
Controlling the transcription of genes is the first level of regulation of carotenoid biosynthesis. 
The transcriptional regulation of caroteogenetic genes, MEP pathway gene and GGPPS (see 
sections 1.2.1 and 1.2.2) are correlated to dynamically maintaining a proper metabolite flux 
in response to developmental and environmental stimuli. In this section, I will focus on the 
roles of light signalling, developmental signals and epigenetic regulation in modulating 
carotenoid biosynthesis in Arabidopsis and other systems such as ripening tomato fruit. 
Transcriptional regulation of carotenoid genes by other yet-to-be-identified developmental or 
environmental factors, for example the reduction of LCYE mRNA abundance in tetra-cis-
lycopene accumulating Arabidopsis plants (Cuttriss et al., 2007), is not reviewed here. 
1.4.1.1 Light signalling 
In this section, I review the regulation of carotenoid biosynthesis by multiple light signalling 
factors, while in chapters 3, 4 and 5, I study the regulation of plastid development by 
carotenoid-derived retrograde signals via light signalling factors. 
Studies on the regulation of carotenoid biosynthesis in photosynthetic and nonphotosynthetic 
tissues have revealed that light plays predominant roles in the induction of carotenogenic 
gene expression during deetiolation and the development of fruits and flowers (Romer and 
Fraser, 2005; Howitt and Pogson, 2006). The light signal is transduced to chemical signal by 
photoreceptors, chromoproteins that participate in the regulation of carotenoid pathway 
genes, particularly at transcription level (Pizarro and Stange, 2009). This section will mainly 
discuss the regulatory functions of light on carotenoid biosynthesis in photosynthetic tissues. 
When plant seeds germinate in dark, phoptomorphogenesis is repressed and the seedlings 
are etiolated. The cotyledons of etiolated seedlings contain etioplasts instead of chloroplasts, 
and carotenoids are localized in PLB, a lattice of tubular membranes that defines etioplasts 
(Park et al., 2002; Cuttriss et al., 2007). Upon exposure to light, plant seedlings deetiolate with 
etioplasts differentiating into chloroplasts and a burst of carotenoid biosynthesis in 
chloroplasts to facilitate photosynthetic development (Romer and Fraser, 2005).  
As reviewed in section 1.2.6, expression of Arabidopsis carotenoid pathway genes and MEP 
pathways genes, especially rate-determining genes such as PSY and DXS, is up-regulated with 
high correlation during the deetiolation process after illumination (von Lintig et al., 1997; 
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Botella-Pavia et al., 2004; Ghassemian et al., 2006; Castillon et al., 2007; Toledo-Ortiz et al., 
2010; Meier et al., 2011). Besides these two key genes, the transcription of LCYB was shown 
to increase by 5-fold when Arabidopsis and tomato seedlings were transferred from low light 
to high light (Hirschberg, 2001). In maize, the up-regulation of PSY2 gene expression during 
deetiolation was suggested to depend on phytochromes (phys), a family of photoreceptors. 
(Li et al., 2008a). While the transcription of maize LCYB and VDE can also be induced by red 
light illumination, the transcription of ZEP appeared to remain at a similar level, suggesting 
that the expression of carotenoid genes is dependent on the functions of phys and 
cryptochromes (CRYs) (Woitsch and Romer, 2003). In tobacco, the induction of carotenoid 
gene expression was also found to involve different photoreceptors (Woitsch and Romer, 
2003). 
Photoreceptors include the phytochrome family (phy A – phy E), the CRY family and the 
phototropins. The phy family absorbs red and far-red light, whereas the CRYs and the 
phototropins absorb blue and UV light (Briggs and Olney, 2001; Franklin et al., 2005; Briggs et 
al., 2007). Phys have been the best studied photoreceptors. The signalling induced by phys 
requires transcription factors such as HY5 (Elongated Hypocotyl 5), LAF1 (Long After Far-Red 
Light 1) and PIF (Phytochrome-Interacting Factor) (Chattopadhyay et al., 1998; Ballesteros et 
al., 2001; Tepperman et al., 2001; Al-Sady et al., 2006; Leivar and Quail, 2011).   
HY5 is a bZIP-containing transcription activator (Basic Leucine Zipper Domain, bZIP) that binds 
to red, far-red, blue and white light responsive elements (LREs) (Yadav et al., 2002; Pizarro and 
Stange, 2009). In Arabidopsis, the photoreceptor phy A promotes the binding of HY5 to the 
LREs in PSY gene promoter, and consequently elevates its transcription (von Lintig et al., 1997). 
Consistently, the suppression of tomato HY5 gene expression by RNAi (or antisense RNA) also 
led to significant reduction of carotenoid and chlorophyll levels in leaf and fruit (Liu et al., 
2004). The LREs bound by HY5 possess ATCTA box and G-boxes; other light-responsive 
promoters can also have a Z-box (ATCTATTCGTATACGTGTCAC) that can be activated by phys 
and/or CRY1 (Yadav et al., 2002; Welsch et al., 2003; Botella-Pavia et al., 2004). 
Unlike HY5, the PIF family proteins are transcription repressors containing basic helix-loop-
helix (bHLH) motifs (Castillon et al., 2007; Bae and Choi, 2008; Leivar and Quail, 2011). Besides 
the function of PIF1 in the regulation of PSY gene expression, some members among PIF1, 
PIF3, PIF4 and PIF5 also coordinate carotenoid and chlorophyll biosynthesis with chloroplast 
-30- 
 
development during deetiolation. This was indicated by an up-regulation of transcription of 
the genes involved in the differentiation of chloroplasts and chlorophyll biosynthesis as well 
as carotenogenesis (Leivar et al., 2009; Stephenson et al., 2009; Toledo-Ortiz et al., 2010).  
Accumulation of the PIF family proteins in etiolated seedlings has also been observed (Leivar 
et al., 2008; Shen et al., 2008; Shin et al., 2009). Actually, PIF proteins including PIF1 were 
found to repress PSY gene transcription and carotenoid biosynthesis even in deetiolated 
Arabidopsis plants (Toledo-Ortiz et al., 2010), suggesting a ‘life-long’ regulation of carotenoid 
genes at the transcriptional level. Because a PSY gene with a truncated promoter lack G-boxes 
is still up-regulated during deetiolation (Welsch et al., 2003), there may be other transcription 
factors besides PIFs which carry out the light-responsive regulation of PSY and other genes. 
Another explanation would be that PIFs also bind to motifs other than G-boxes in the 
promoter area of carotenoid genes including PSY and DXS. This is discussed in section 1.2.6. 
COP1, a RING motif–containing E3 ligase that promotes the ubiquitin-mediated proteolysis, 
has been suggested to be another negative regulator of light-mediated gene expression (Saijo 
et al., 2003; Seo et al., 2003; Sullivan and Deng, 2003). In dark, Arabidopsis COP1 interacts 
with transcription factors such as HY5 and LAF1, triggering their degradation via the 26S 
proteasome, and thus represses the expression of carotenoid genes (Holm et al., 2002; Seo et 
al., 2003; Yanagawa et al., 2004). Upon the exposure of plants to light, CRY and phy proteins 
were found to bind and consequently inactivate COP1 by direct interaction causing 
conformational changes, followed by the release of transcription factors including HY5 and 
LAF1 (Wang et al., 2001; Cashmore, 2003). In tomato, RNAi induced gene slicing of COP1 
showed elevated accumulation of carotenoids (Liu et al., 2004). The dark-grown Arabidopsis 
seedlings with impaired COP1 gene or treated with paclobutrazol (PAC, an inhibitor of 
gibberellin biosynthesis) showed a partially deetiolated phenotype and higher total 
carotenoid levels compared to wild-type plants, which was accompanied by up-regulated PSY 
gene expression and enhanced PSY enzyme activity, suggesting the involvement of COP1 in 
the regulation of carotenogenesis (Rodriguez-Villalon et al., 2009a, b).  
In Arabidopsis, another two repressors of photomorphogenesis, the deetiolated-1 (DET1) and 
UV-damaged DNA binding protein 1 (DDB1), can form a complex and interact with COP1. The 
formation of the complex can promote the ubiquitination of transcription factors and down-
regulate carotenoid biosynthesis (Schroeder et al., 2002; Lau and Deng, 2012). Recent 
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research has also indicated that DET1 and DDB1 forms complex with the ubiquitin-conjugating 
enzyme variant COP10, and the so called CDD (COP10-DET1-DDB1) complex physically 
interacts with COP1, promoting degradation of positive transcription factors such as HY5 to 
repress photomorphogenesis (Yanagawa et al., 2004; Lau et al., 2011). In tomato high pigment 
(hp) mutants that accumulate enhanced levels of carotenoids in fruits, the hp1 mutation is 
located in DDB1 (Azari et al., 2010) and hp2 mutation in DET1 (Davuluri et al., 2005), both of 
which have been found to regulate light-mediated plastid development (Benvenuto et al., 
2002). 
1.4.1.2 Developmental signals 
Carotenoid biosynthesis is dynamically regulated throughout the plant life cycle by 
developmental signals and in response to external environmental stimuli (Cazzonelli and 
Pogson, 2010). Photomorphogenesis, regulated by light signal that is discussed in section 
1.4.1.1, is also a developmental process. In this section, other developmental signals 
controlling carotenoid profile in fruit, flower and seed are discussed. 
In most plants, carotenoid composition and its regulation during fruit and flower development 
are distinct from that arising in vegetative tissue (Hirschberg, 2001; Sandmann et al., 2006). 
The changes in carotenoid composition during ripening are predominantly controlled via the 
regulation of transcription of carotenoid genes (Giovannoni, 2001). An increased transcription 
of MEP pathway key gene DXS, followed by that of PSY, PDS and other genes encoding 
desaturases and isomerases in the carotenoid pathway, were observed during the ripening 
process, resulting in a burst of carotenoid biosynthesis (Pecker et al., 1992; Corona et al., 1996; 
Bramley, 1997; Lois et al., 2000) .  
Interestingly, the expression of cyclase genes LCYB and LCYE was shown to diminish 
simultaneously (Ronen et al., 1999). The differential gene expression in carotenoid 
biosynthesis hence lead to an increased flux through the initial stages of the pathway and a 
restriction to end products, which results in a massive accumulation of lycopene while 
xanthophylls are eliminated (Giuliano et al., 1993; Fraser et al., 1994; Pecker et al., 1996; Alba 
et al., 2005). In accordance to this view, the tomato mutant delta accumulates δ-carotene in 
the fruit due to an increased transcription of LCYE (Ronen et al., 1999), while the observed 
accumulation of β-carotene in another mutant beta is caused by an up-regulation of the 
expression of LCYB2 (Ronen et al., 2000). Tomato LCYB2 promoter has cis-elements such as 
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RAP2.2 and ERE (ethylene responsive element) to which transcription factors can bind and 
trigger regulation of carotenoid accumulation in fruits and flowers (Dalal et al., 2010), though 
these transcription factors and the up-stream signalling pathway are yet to be defined. A 
similar differential expression pattern of carotenoid genes during fruit development has been 
observed in satsuma mandarin (Citrus unshiu Marc) (Ikoma et al., 2001) and pepper (Kuntz et 
al., 1992; Romer et al., 1993; Bouvier et al., 1996; Bouvier et al., 1998b).  
In flower development, transcriptional control of carotenoid pathway genes has also been 
suggested as the key mechanism in regulating carotenoid biosynthesis (Schledz et al., 1996; 
Ronen et al., 1999; Mann et al., 2000; Moehs et al., 2001). Lutein and lutein fatty acid esters 
are the major carotenoids found in marigold petals, the content of which varies between 
varieties resulting in light yellow to dark orange colours of flowers (Moehs et al., 2001). The 
abundance of PSY and DXS transcripts was found to correlate positively with lutein levels in 
marigold petals. It was reported that the expression of LCYE gene was significantly induced 
during marigold flower development while that of LCYB gene was unchanged, suggesting that 
the transcriptional levels of LCYE gene, probably as well as enzyme activity, control the flux 
through the β,ε-branch of the carotenoid pathway to convert lycopene into lutein (Moehs et 
al., 2001). 
In Arabidopsis, low levels of lutein and β,β-xanthophylls were observed in etioplasts in dry 
seeds, and consistently an efficient conversion of β-carotene into β,β-xanthophylls (possibly 
followed by the formation of ABA) was also detected. This can be explained by results from 
the analysis of microarray-based gene expression databases, which indicated high levels of 
BCH2 and BCH1 transcripts in mature Arabidopsis seeds. Unlike tomato, the transcriptional 
regulation of carotenoid pathway genes in Arabidopsis has largely remained to be described. 
Although an increased carotenoid biosynthesis was observed in etioplasts after Arabidopsis 
seed germination in dark (Park et al., 2002; Ghassemian et al., 2006; Rodriguez-Villalon et al., 
2009a), no molecular mechanism has been reported regarding the regulation of carotenoid 
expression in this process. 
1.4.1.3 Epigenetic regulation 
The epigenetic regulation of a carotenoid pathway gene, CRTISO, has been reported in 
Arabidopsis. The characterization of the ccr1 (carotenoid and chloroplast regulatory 1) mutant 
revealed a gene encoding histone methyltransferase (SET DOMAIN GROUP 8, SDG8) that 
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methylates histone H3 on Lys4/36 (H3K4/36). Similar to ccr2, ccr1 also has reduced lutein in 
leaves and accumulated cis-carotenoids in etiolated seedlings, which is correlated with the 
reduction in CRTISO transcript abundance. The suppressed expression of CRTISO has been 
suggested to result from an altered methylation status of the chromosome surrounding this 
gene, which is due to the absence of SDG8 activity in ccr1 (Cazzonelli et al., 2009b). The 
changed carotenoid profile in ccr1 and ccr2 has been proposed to cause increased shoot 
branching, possibly by the reduced carotenoid substrates for strigolactone biosynthesis, which 
links carotenoid pathway to the regulation of plant development (Cazzonelli and Pogson, 
2010). 
1.4.2 Post-transcriptional regulation 
The regulation of carotenoid biosynthesis also happens at post-transcriptional levels. In many 
cases including some transgenic plants, the profile of carotenoid gene expression does not 
correlate with carotenoid accumulation; post-transcriptional regulation can explain many of 
these results. In this section, I review the regulation of carotenoid composition via modulating 
enzyme activities and through storage and degradation of carotenoids. 
1.4.2.1 Enzyme activities and levels 
Post-transcriptional regulation has been observed in carotenoid and MEP pathways in many 
plants. A few examples have been discussed under other topics in this review, and are 
summarized as following.  
During deetiolation, increased PSY activity initiates metabolite feedback and leads to the 
accumulation of DXS enzyme at post-transcriptional level (section 1.2.6). Substrate 
specificities of hydroxylases in the carotenoid pathway along with differential expression of 
isogenes likely lead to tissue-specific accumulation of xanthophylls (section 1.2.5.1). Most 
enzymes in carotenoid biosynthesis are membrane-associated and the localization of 
carotenoid enzymes is at least one of essential factors that determine their activities (section 
1.2 and 1.3). The presence of a metabolon or large enzyme complexes may also affect enzyme 
activities by protein-protein interaction, and modulate enzyme activities in a source-
regulation fashion by metabolite channelling (section 1.3). 
There are many other examples in the regulation of carotenoid biosynthetic enzyme activities. 
Reportedly PSY and OR family proteins including AtOR and AtOR-like, interact directly with 
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each other in plastids. OR proteins were shown to be major post-transcriptional regulators of 
PSY; overexpression of AtOR increases the protein level of enzymatically active PSY whereas 
ator atro-like double mutant exhibits significant reduction of PSY. Interestingly, a mutual 
regulation exists between PSY and OR proteins as altered PSY expression also changes AtOR 
protein levels (Zhou et al., 2015). In addition, plastid enzyme GGPP synthase 11 (GGPPS11) 
physically interacts with enzymes that use GGPP to produce carotenoids and chlorophylls, 
including PSY (Ruiz-Sola et al., 2016). This is consistent with the existence of a metabolon that 
contains GGPPS and PSY in chromoplasts producing carotenoid at high levels (Camara, 1993; 
Fraser et al., 2000). All desaturases and isomerases in carotenoid biosynthesis, LCYB, LCYE and 
ZEP possess a conserved flavin-binding motif (Marin et al., 1996; Isaacson et al., 2004; 
Sandmann, 2009; Yu et al., 2010; Yu et al., 2011; Schaub et al., 2012), suggesting an essential 
role of redox balance in the activities of these enzymes. In particular, the two desaturases, 
PDS and ZDS, require oxidized plastoquinone as an electron carrier for enzymatic reactions 
(Norris et al., 1995), which suggests that their activity is connected to photosynthetic electron 
transport chain which is localized on thylakoid membranes. From another angle, this also 
reflects the importance of membrane-association to the activities of carotenoid pathway 
enzymes. The MEP pathway enzymes DXR and HDR were both found to be thioredoxin targets 
(Balmer et al., 2003; Wong et al., 2003; Lemaire et al., 2004), suggesting the activities of the 
two enzymes to be also redox-regulated, because thioredoxins are small redox proteins 
reduced in chloroplasts by ferredoxin-thoiredoxin reductase, consequently up-regulating 
target proteins through reducing specific disulfide groups (Buchanan et al., 2002).  
Another interesting example of the regulation of enzyme activity in carotenoid biosynthesis is 
the modulation of xanthophyll cycle enzymes, ZEP and VDE. ZEP is localized on the chloroplast 
stromal side of thylakoid membrane while VDE on the lumen side (Demmig-Adams et al., 1996; 
Hieber et al., 2000; Yamamoto, 2006). ZEP functions the best at neutral pH which is observed 
in dark or under low light, whereas VDE is in the lumen at such pH, being soluble but inactive. 
Under high light, the proton flow driven into the lumen by photosynthetic proton pump 
reduces the pH. As a result, VDE binds to thylakoid membrane from lumen side, being 
activated and converting violaxanthin into zeaxanthin which protects photosynthetic 
apparatus by dissipating excess light energy (Hieber et al., 2000; Yamamoto, 2006; Li et al., 
2009b).  
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During daffodil flower development, carotenoid production is significantly increased, but 
interestingly the transcription of PSY gene is decreased from flower stage 1 to stage 4 (Al-
Babili et al., 1996; Schledz et al., 1996). However, the protein level of PSY and PDS is elevated 
during stage 1 and 2 (Al-Babili et al., 1996; Schledz et al., 1996). These results indicate a post-
transcriptional regulation mechanism in daffodil flower development.  
Moreover, not all PSY and PDS enzyme molecules are associated with membrane and thus 
active (Al-Babili et al., 1996; Schledz et al., 1996). The presence of soluble and inactivated 
forms of PSY and PDS suggests a more complicated post-transcriptional regulation in 
carotenoid biosynthesis during daffodil flower development. The formation of metabolon in 
chromoplast, probably on the membrane, is essential for carotenogenesis during flower 
development. Given that all the carotenoid enzymes are encoded by nuclear genes, 
understanding how the proteins are imported into the chromoplast and assembled into large 
enzyme complexes will certainly contribute to elucidating the regulation of carotenoid 
pathway at post-transcriptional level. A strong up-regulation of chaperone proteins Hsp70 and 
Cpn60 in chromoplasts was observed during this process (Bonk et al., 1996), which may 
facilitate the correct folding of the imported proteins and their assembly into active enzyme 
complexes. 
Despite many studies proposing a feedback/forward-feed mechanism of transcriptional 
and/or post-transcriptional regulation of carotenogenic genes by phytoene, lycopene, cis-
carotenes including tri-cis-neurosporene, tetra-cis-lycopene and other metabolites (Schaub et 
al., 2005; Cuttriss et al., 2007; Qin et al., 2007; Bai et al., 2009; Cazzonelli et al., 2010; 
Kachanovsky et al., 2012), solid evidence is yet to be presented for a complete elucidation of 
the mechanisms. 
1.4.2.2 Storage and degradation 
The regulatory mechanisms discussed so far belong to ‘source regulation’, whereas 
mechanisms such as sequestration and storage, belonging to ‘sink regulation’, are also 
plausible. The biogenesis of a plastid defines its type, and thus profoundly affects the 
accumulation of carotenoid in the plastid by determining its storage capacity.  
In chloroplasts, carotenoids are localized in photosynthetic apparatuses in membrane, while 
in chromoplasts the storage of carotenoids (normally with esterification) is achieved by their 
association with specified lipoprotein structures containing proteins known as fibrillins 
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(Vishnevetsky et al., 1999a; Vishnevetsky et al., 1999b). The formation of carotenoid-
lipoprotein complexes relies on the hydrophobic nature of carotenoids, which confers them a 
much higher stability when associated with lipoproteins than in chloroplast membranes 
(Merzlyak and Solovchenko, 2002). The fibrillin-carotenoid conjugates form plastoglobuli that 
consists of a layer polar lipid and protein covering non-polar components (15 - 25% 
carotenoids) in the center, or fibrillar, tubular, membranous even crystalline structures that 
contains pure carotenoid crystals in chromoplasts (Deruere et al., 1994; Vishnevetsky et al., 
1999a).  
Studies have identified specific fibrillins, namely chromoplast protein C (CHRC) and 
chromoplast protein D (CHRD). The 35-kD CHRC, found in cucumber (Cucumis sativus) flowers, 
is abundant in flowers but absent in chloroplasts and its expression is greatly induced by 
gibberellin GA3 (Smirra et al., 1993; Vainstein et al., 1994; Vishnevetsky et al., 1997). The 14-
kD CHRD demonstrates similar expression and localization profiles and hormone response 
(LibalWeksler et al., 1997). A suppression of CHRC expression by RNAi in tomato reduced 
carotenoid accumulation by 30%, suggesting the dependence of carotenoid sequestration on 
fibrillins (Leitner-Dagan et al., 2006a; Leitner-Dagan et al., 2006b); vice versa, inhibition of 
carotenoid biosynthesis affects the expression of CHRC and CHRD at both transcriptional and 
post-transcriptional levels (Vishnevetsky et al., 1999b).  
Taken together, the storage of carotenoids relies on the type of plastids and specific plastidial 
structures for sequestration. In PSY-overexpressing Arabidopsis lines, despite enhanced 
expression of PSY in all tissues, the carotenoid levels in chloroplasts of photosynthetic tissues 
remained almost the same as in wild type plants, whereas that in nonphosynthetic tissue 
(seed-derived calli) was increased by up to 100-fold (Maass et al., 2009). These results support 
the view that the type of plastids determines the capacity of carotenoid storage. 
Other determinants of carotenoid storage are the size and replication (number) of plastids. In 
support of this view, a cauliflower (Brassica oleracea var. botrytis) mutant or was found to 
abnormally accumulate carotenoid, particularly β-carotene, resulting in an orange color in the 
edible tissue that is normally white (Li et al., 2001; Lu et al., 2006). Mutant or showed no 
increase in carotenoid biosynthesis but rather it developed chromoplast-like plastids that 
contain membranous compartments instead of leucoplasts (Paolillo et al., 2004). Most 
interestingly, plastid division was remarkably arrested in the or mutant and few or only single 
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plastid was seen in affected cells (Lu et al., 2006).  
The OR gene encodes a DnaJ-like protein which possibly acts as a co-chaperone that targets 
substrates to DnaK/Hsp70 for proper folding and assembly (Paolillo et al., 2004; Lu et al., 2006). 
DnaJ-type proteins possess conserved Cys-rich domains, and a member of them was also 
found to participate in plastid division (Giuliano and Diretto, 2007). Consistently, Hsp21, 
another chaperone protein from tomato, was also found to promote chloroplast to 
chromoplast transition, in turn resulting in the accumulation of carotenoid (Neta-Sharir et al., 
2005). The protein-protein interaction between PSY and OR is studied in chapter 5. 
In the tomato high pigment mutants hp1 and hp2 that have been briefly discussed in section 
1.4.1.1, striking accumulation of carotenoids was observed, likely due to elevated plastid 
biogenesis (Liu et al., 2004; Davuluri et al., 2005; Kolotilin et al., 2007; Azari et al., 2010). The 
DDB1 gene that is mutated in hp1 (Azari et al., 2010), and the DET1 gene mutated in hp2 
(Davuluri et al., 2005), are both involved in light-mediated regulation of carotenogenesis and 
plastid biogenesis (Benvenuto et al., 2002). However, no increase in carotenoid gene 
expression was observed in tomato lines with suppressed DET1 expression, instead the size 
and/or number of plastids were elevated (Kolotilin et al., 2007). Similarly, the tomato hp3 
mutant has a defective ZEP gene that is involved in xanthophyll cycle and also linked to ABA 
biosynthesis, conferring an enhancement of carotenoid accumulation by increasing both 
plastid numbers and the size of plastid compartment; strongly reduced ABA production was 
also observed in this mutant (Galpaz et al., 2008). 
Although the mechanisms of carotenoid homeostasis are poorly understood, it has been 
proposed that the steady-state levels of carotenoids are determined by the rate of 
biosynthesis, storage capacity and their degradation. The rate of carotenoid degradation was 
assumed to be slow, as the yellow-orange carotenoids in senescing autumn leaves normally 
last long. However, data using 14CO2 pulse-chase labeling showed that the degradation rate of 
carotenoids in Arabidopsis was much higher than expected (Beisel et al., 2010). Non-
enzymatic oxidation and enzymatic cleavage might both contribute to the turnover of 
carotenoids, but the enzymatic cleavage of carotenoids may only break down a very minor 
portion of the carotenoid pool, as suggested by a much higher (several orders of magnitudes) 
rate of photooxidative loss of β-carotene and xanthophylls than the rate of ABA biosynthesis 
via the cleavage of violaxanthin and neoxanthin by NCED (Simkin et al., 2003; Beisel et al., 
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2010).  
Members of the CCD family have different substrate preference, and have been proposed to 
contribute to carotenoid degradation by enzymatic cleavage in nonphotosynthetic tissues of 
plants including maize and potato (Campbell et al., 2010; Vallabhaneni et al., 2010). However, 
in general the expression profile of CCD family enzymes has a better correlation with 
apocarotenoid biosynthesis than with the degradation of carotenoids (Walter and Strack, 
2011). The roles of CCDs and NCEDs in the production of apocarotenoids are discussed in 
detail in section 1.5. 
To summarize, conflicting results thus far still discourage the proposed contribution of CCDs 
to the homeostasis of carotenoids. Apart from CCDs that cleave carotenoids with specificity, 
lipoxygenases and peroxidases can nonspecifically break down carotenoid by oxidative 
degradation (Leenhardt et al., 2006b). Furthermore, nonenzymatic degradation of 
carotenoids, including photochemical damage and degradation under other oxidative stresses, 
would also contribute to carotenoid homeostasis, though how this is balanced with 
carotenoid biosynthesis and storage remains completely unclear. 
1.5 Synthesis and function of apocarotenoid signals in plants 
Section 1.5 has been published as a review paper (Hou et al., 2016) and is inserted “as is” in 
this chapter. 
Carotenoids are not the end-products of the pathway: apocarotenoids are produced by CCDs 
or non-enzymatic processes. Apocarotenoids are more soluble or volatile than carotenoids, 
but they are not simply breakdown products as there can be modifications post cleavage and 
functions include hormones, volatiles or signals. Evidence is emerging for a class of 
apocarotenoids herein referred to as Apocarotenoid Signals (ACSs) that have regulatory roles 
throughout plant development beyond those ascribed to ABA and strigolactone. In this 
context, we review studies of carotenoid feedback regulation, chloroplast biogenesis, stress 
signalling, and leaf and root development, which provides evidence that apocarotenoids may 
fine-tune plant development and responses to environmental stimuli. 
1.5.1 Carotenoid cleavage products play regulatory roles in plants 
Enzymatic and non-enzymatic oxidative cleavage of carotenoids produces biologically-
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important carotenoid derivatives, apocarotenoids. CCD enzymes catalyse carotenoid cleavage 
at specific double bonds (Walter and Strack, 2011). Non-enzymatic apocarotenoid formation 
can occur via singlet oxygen (1O2) attack, primarily on β-carotene (Havaux, 2014). Regardless 
of metabolic origin, apocarotenoids help fine-tune carotenogenesis, plant development and 
environmental responses, in part via changes in nuclear gene expression, and retrograde 
(plastid-to-nucleus) signaling (Pogson et al., 2008). Apocarotenoids have also been shown to 
inhibit mammalian cancer cell proliferation by altering gene expression (Sharoni et al., 2012). 
Thus, the discovery and characterization of novel carotenoid derivatives in planta provide new 
opportunities for plant development research. Here we review recent studies of carotenoid 
catabolism and discuss how apocarotenoids may regulate plant development.  
1.5.2 Apocarotenoid biosynthesis: enzymatic and non-enzymatic 
processes 
The CCDs are an evolutionarily-conserved family of non-heme, iron-dependent enzymes that 
catalyse carotenoid oxidative cleavage (Harrison and Bugg, 2014). CCDs typically act by 
incorporating oxygen atoms between adjacent carbon atoms along the conjugated carotenoid 
backbone. Some CCD cleavage reactions require isomerization to form substrate isomers 
favourable for cleavage (McQuinn et al., 2015). In Arabidopsis there are nine CCDs categorised 
according to their enzymatic specificities, and they determine CCD nomenclature in other 
species. Five CCD members are in the nine-cis-epoxy carotenoid dioxygenase subfamily 
(NCED2, NCED3, NCED5, NCED6, NCED9); and participate in ABA synthesis (Tan et al., 2003). 
NCEDs have been extensively reviewed (Nambara and Marion-Poll, 2005) and will not be 
discussed further here. CCD1, CCD4 and CCD7 have broad substrate specificity, whilst CCD8 
may be specific for strigolactone synthesis (Figure 1.3) (Alder et al., 2012). One additional CCD 
subfamily, dubbed ‘CCD2’ (and not to be confused with NCED2), has also been identified in 
Crocus sativus; it produces saffron flavour and fragrance apocarotenoids (Frusciante et al., 
2014).  
The roles and specificities of CCDs have long been debated. Our understanding of CCDs comes 
mostly from in vitro enzymatic assays, and “in bacterio” heterologous expression analysis 
using Escherichia coli engineered to accumulate particular carotenoids (Cunningham and 
Gantt, 1998). Studies of CCD1 enzymes from many species indicate they possess the broadest 
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substrate specificity. CCD1s cleave various linear, monocyclic and bicyclic carotenoids, 
regardless of their stereochemistry, and in various positions along the carbon backbone 
(Figure 1.3) (Vogel et al., 2008; Ilg et al., 2014). Significantly, this concurs with in vitro findings 
(Simkin et al., 2004a).  CCD1s are localised to the cytoplasm (Auldridge et al., 2006)  although 
they may also associate with the outer chloroplast membrane (Simkin et al., 2004a), and seem 
to have roles in fruit and flower volatile production (Simkin et al., 2004b; Mathieu et al., 2005; 
Baldermann et al., 2010). In some species however, CCD1 gene duplication has occurred, 
leading to functional specialisation. In Crocus sativus CsCCD1a expression is induced upon 
dehydration stress (Rubio et al., 2008). The differing substrate specificities of Solanum 
lycopersicum CCD1a and CCD1b also suggest functional specialisation (Ilg et al., 2014). 
However, it is unclear whether CCD1s were recruited from volatile production to other 
functions or vice versa. 
The role of Medicago truncatula CCD1 in producing the apocarotenoid mycorradicin is 
another prominent example of a non-volatile-production role for CCD1. Mycorradicin is the   
yellow pigment that accumulates to high levels in roots of many plant species upon 
colonisation with arbuscular mycorrhiza (AM) (Fester et al., 2002a); and is produced from 
cleavage of root carotenoids (Klingner et al., 1995; Fester et al., 2002b). Mycorradicin is often 
esterified in plants, although the free di-acid form has also been detected (Schliemann et al., 
2006). Its production appears associated with that of various C13 apocarotenoids, primarily 
the cyclohexenone blumenol (and its glycoside derivatives), which also accumulate upon AM 
colonisation (Maier et al., 1995); cleavage of C40 carotenoids to produce C14 mycorradicin 
naturally yields two C13 apocarotenoids. RNAi silencing of CCD1 expression in Medicago roots 
led to accumulation of the C27 apocarotenoids 3-hydroxy-α-10’-apocarotenal, and other C27 
apocarotenoids (Floss et al., 2008). CCD7 is believed to cleave the initial carotenoid substrate 
in a two-step pathway leading to mycorradicin and the cyclohexenone derivatives (Floss et al., 
2008). Blumenol derivatives are responsible for systemic suppression of additional AM-
colonisation following initial colonisation (Vierheilig et al., 2000); detailed descriptions of AM-
induced apocarotenoids and their roles are found elsewhere (Akiyama, 2007). 
CCD4 enzymes generally cleave carotenoids (especially β-carotene) at the 9,10-double bond 
when tested in vitro and in bacterio (Huang et al., 2009). However, the substrate specificity of 
CCD4 is still unclear. Recent work suggests zeaxanthin and β,β-epoxyxanthophylls are also 
-41- 
 
substrates for CCD4-mediated 9,10-cleavage in Arabidopsis leaves and that the 
apocarotenoids formed are sequestered as glycosides (Latari et al., 2015). Other CCD4 
enzymes appear specific for 7,8-cleavage. Satsuma mandarin (Citrus unshiu) CCD4 enzymes 
cleave β-cryptoxanthin and zeaxanthin asymmetrically at 7,8/7’,8’ positions to yield β-citraurin 
and apo-8’-β-carotenal (Ma et al., 2013). Many CCD4 enzymes seem to have a role in 
carotenoid catabolism, particularly in carotenoid-sink tissues such as flowers (Rubio et al., 
2008), fruits (Brandi et al., 2011), seeds (Gonzalez-Jorge et al., 2013) and tubers (Campbell et 
al., 2010). Similarly to CCD1, CCD4 genes exist as duplicates in many species, and often differ 
in substrate selectivity, tissue localisation and regulation of expression (Ohmiya et al., 2006; 
Ahrazem et al., 2010; Lashbrooke et al., 2013; Rubio-Moraga et al., 2014). In some species, 
however, CCD4 duplicates share such high identity in their amino acid and promoter 
sequences that they may simply be allelic variants, such as CsCCD4a and CsCCD4b from C. 
sativus (Ahrazem et al., 2010; Rubio-Moraga et al., 2014). 
CCD4 cleavage may also produce apocarotenoids with biological activity. RNAi knockdown of 
CCD4 in potato (Solanum tuberosum), in addition to increasing carotenoid levels caused 
elongated tubers and increased stolon-like growth (Campbell et al., 2010). Similar phenotypes 
are seen under heat stress (Jefferies and Mackerron, 1987). Campbell et al. speculates that 
the CCD4 apocarotenoid product might therefore be an important regulator of heat stress 
responses, most-likely derived from 9,10-asymmetric cleavage of all-trans-β-carotene, based 
on in vitro data (Bruno et al., 2015). Accordingly, the CCD4 homologue CsCCD4a is also induced 
by heat (Rubio et al., 2008). CCD4 may also metabolise ζ-carotenes to create an apocarotenoid 
signaling molecule(s), herein called ACS1 (Avendano-Vazquez et al., 2014)(see next section).  
CCD7’s primary role is to catalyse the first step in strigolactone biosynthesis, namely 9’,10’-
cleavage of 9-cis-β-carotene to give 9-cis-β-apo-10’-carotenal (Figures 1.3 and 1.4) (Booker et 
al., 2004; Alder et al., 2012). Additionally, CCD7 may also catalyse the initial 9,10-cleavage 
required for mycorradicin synthesis (Figures 1.3 and 1.4) (Floss et al., 2008; Vogel et al., 2010). 
In vivo assays suggest CCD7 also cleaves lycopene and ζ-carotene at the 9,10 bonds, albeit 
slowly (Booker et al., 2004; Schwartz et al., 2004).  
CCD8 follows CCD7 in strigolactone biosynthesis by catalysing an unusual oxidative cleavage 
and intramolecular cyclisation of 9-cis-apo-10'-carotenal to yield the strigolactone precursor, 
carlactone (Figures 1.3 and 1.4) (Alder et al., 2012). Interestingly, CCD8 also cleaves trans-apo-
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10'-carotenal to yield apo-13-carotenone, which was originally postulated to be the 
strigolactone precursor. Although the biological relevance of this reaction is unclear as it is 
ten-fold slower than carlactone formation (Alder et al., 2012), it should be noted that 
phylogenetic studies in maize, rice and sorghum suggest a subset of CCD8 enzymes may 
synthesise non-strigolactone apocarotenoids (Vallabhaneni et al., 2010). 
Biologically active apocarotenoids often undergo additional enzymatic transformations prior 
to and/or following oxidation. Carotenoid isomerisation is often crucial; ABA and strigolactone 
biosynthesis both require 9-cis substrates (Schwartz et al., 2003; Alder et al., 2012). We know 
little about the mechanism of these isomerisations. In rice D27 catalyses the trans-9-cis 
conversion needed for subsequent CCD7 cleavage and strigolactone synthesis. Orthologs of 
D27 exist in other plants and are the only known isomerase involved in apocarotenoid 
metabolism (Lin et al., 2009; Alder et al., 2012). 
Apocarotenoids can also form non-enzymatically by oxidative cleavage, and two of these have 
roles in stress signalling. They are described in more details below (see Non-enzymatically-
generated apocarotenoid signals). 
Plant apocarotenoid formation is responsive to environmental and developmental cues which 
not only affect CCD enzymes but also regulate carotenogenic gene expression. This is 
discussed further in Box 1.1. 
1.5.3 Novel or uncharacterised apocarotenoid signals play regulatory 
roles in planta 
Recent studies suggest a number of uncharacterised ACSs modulate plant developmental 
and/or stress responses. This is in addition to phytohormones such as ABA and strigolactones, 
new aspects of which are still being discovered (Fan et al., 2009; Seto and Yamaguchi, 2014). 
In fact, the structure of apocarotenoids suggests that they can play signaling roles. Most 
apocarotenoids contain an α,β-unsaturated carbonyl moiety, which can easily react with the 
nucleophilic moieties of biological molecules (Farmer and Mueller, 2013). Reactive 
electrophilic species (RES) can react with thiols on transcription factors, altering gene 
expression (Levonen et al., 2004); this is how apocarotenoids mediate apoptosis (Liu et al., 
2008) and retinoid signaling (Eroglu et al., 2012) in mammals. The relationships between 
apocarotenoid structure and signalling activity however, remain unclear (Linnewiel et al., 2009) 
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in most instances. Indeed, most plant ACSs remain unidentified. 
One uncharacterized ACS, which we dub ‘ACS1’, alters leaf development and chloroplast  
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Figure 1.3 Apocarotenoid biosynthesis. Many carotenoids are cleaved to form 
apocarotenoids through enzymatic reactions. Nine-cis-epoxy-dioxygenase (NCED) cleaves 9-
cis-violaxanthin and 9-cis-neoxanthin to yield the precursor of ABA. The Carotenoid Cleavage 
Dioxygenase (CCD) enzymes cleave carotenoids to yield various apocarotenoids. CCD7 and 
CCD8, for example, contribute to strigolactone synthesis following β-carotene isomerisation 
by D27. The CCD8 product carlactone is further elaborated by the P450 enzyme MAX1, and 
possibly other unknown enzymes before yielding strigolactones (5-deoxystrigol is depicted as 
an example). CCD7 and CCD1 contribute to the formation of mycorradicin and blumenol 
derivatives, which accumulate in AM-colonised roots. CCD7 cleaves an unknown carotenoid 
substrate (possibly lutein or an ε,ε-xanthophyll) to yield a C27 apocarotenoid which is further 
cleaved by CCD1. The end products mycorradicin and blumenol are often further glycosylated. 
One ACS, β-cyclocitral, is formed via non-enzymatic cleavage of β-carotene. cis-carotene-
derived apocarotenoids may also be important plant development signals. We propose at 
least two groups of unidentified Apocarotenoid Signals, ACS1 and ACS2, function in a range of 
processes, including feedback regulation, based on evidence from mutants in the cis-carotene 
pathway (i.e. Arabidopsis mutants psy, pds3, ziso, clb5 and ccr2, and S. lycopersicum mutants 
yellow-flesh, z2803 and tangerine). Another unidentified signal, ACS3, seems to be derived from 
β-carotene cleavage and functions in root development. Some apocarotenoids are flavour, 
fragrance and pigment apocarotenoids (mainly in carotenoid sink tissues); these are depicted 
in the top-right panel. CCD cleavage activities have been denoted by coloured circles next to 
the carotenoid substrates (see colour code). Given the importance of chemical inhibitors in 
the study of apocarotenoid biosynthesis, the enzymatic targets of norflurazon, fluridone, CPTA, 
D15 and abamine-SG have been annotated with coloured stars (see colour code). 
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Figure 1.4 Apocarotenoid signal generation and perception take place across several 
subcellular compartments. In this scheme, the biosynthesis of some known (ABA, SL, ‘Yellow 
Pigment’ products, β-cyclocitral) and novel (ACS1) ACSs are placed in the context of a plant 
cell, and the various chloroplastic compartments. The carotenoid precursors are typically 
found in chloroplast membranes, such as PSII-associated β-carotene. The 9-cis-
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epoxyxanthophyll ABA precursors are believed to be inner membrane-embedded, given the 
necessary carotenogenic enzymes are also localised here. ζ-carotene and phytofluene, 
putative ACS1 precursors, are believed to accumulate in the plastoglobules. It is not known 
where the precursors for strigolactones (9-cis-β-carotene) and the yellow-pigment products 
(unknown) are localised. These substrates are cleaved by CCD and NCED enzymes, save for β-
carotene, which is cleaved by singlet-oxygen to yield β-cyclocitral. CCD4 is localised to the 
plastoglobules, consistent with its putative role in ACS1 generation. CCD7 and CCD8 are 
localised to the stroma, as are the NCEDs involved in ABA biosynthesis (although transient 
association with the stroma-facing thylakoid membrane has also been observed). Subsequent 
modification of ACS precursors may occur in the cytoplasm or other organelles, as depicted 
for ABA, SL and yellow pigment products. Unknown mechanisms must export these precursors 
from the chloroplast. Notably, elaboration of carlactone to strigolactones may occur in the 
endoplasmic reticulum, based on localisation predictions for MAX1, a strigolactone 
biosynthetic enzyme downstream of CCD8. CCD1, localised to the cytosol (but also known to 
associate with the cytoplasm-facing outer chloroplast membrane), further cleaves C27-
apocarotenoid substrates to yield the yellow pigment products. ACSs may then interact with 
receptors, such as for ABA, which binds to PYR/PYL/RCARs (denoted here as PYR) and SL to 
MAX2, to effect biological response(s). It is not known how, or where, the yellow pigment 
products, ACS1-3 and β-cyclocitral exert their effects. Abbreviations: AAO3, Arabidopsis 
aldehyde oxidase 3; ABA, abscisic acid; ABA2, short-chain dehydrogenase/reductase ABA2; 
BETA, β-carotene; β-CYC, β-cyclocitral; ER, endoplasmic reticulum; MAX1, more axillary 
growth 1; MAX2, more axillary growth 2; PHYTF, phytofluene; PYR1, pyrabactin resistance 1; 
ZETA, ζ-carotene. 
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Box 1.1 Environmental and developmental stimuli regulate apocarotenoid formation             
Many examples exist of changes in apocarotenoid accumulation in response to environmental 
and/or developmental cues. This, together with genetic and biochemical studies demonstrate 
that some apocarotenoids have regulatory roles in planta. The nature of the environmental 
and developmental stimuli that alter apocarotenoid formation may in some cases also reflect 
the ecological roles of apocarotenoids (e.g. as pollinator attractants).  Examples of stimuli that 
affect apocarotenoid formation are summarised in Table 1.1. 
Environmental and developmental stimuli also alter the expression of many carotenoid 
biosynthetic genes, altering carotenoid composition, which may in turn promote production 
of specific apocarotenoids (Tuan et al., 2013a; Tuan et al., 2013b; Lao et al., 2014). However, 
the relationship between carotenoid and apocarotenoid levels is not always straightforward 
as expression and localisation of substrates and enzymes will affect apocarotenoid 
production. 
Table 1.1 Environmental stimuli that regulate apocarotenoid formation and CCD enzymes 
involved 
 
Environmental 
stimulus 
Species CCD enzyme 
involved 
Apocarotenoids 
produced 
Refs. 
Light Petunia hybrida CCD1 β-ionone (Simkin et al., 
2004b) 
Light Phaseolus vulgaris Unknown 3-hydroxy-β-ionone (Kato-Noguchi, 
1996) 
Seed dehiscence 
and dark-induced 
leaf senescence 
Arabidopsis thaliana CCD4 Possibly  β-carotene-
derived apocarotenoids 
(Gonzalez-Jorge 
et al., 2013) 
Wounding, heat, 
cold, osmotic stress 
Crocus sativus CCD4c Possibly  β-ionone and  
β-cyclocitral 
(Rubio-Moraga 
et al., 2014) 
Abbreviations: CCD, carotenoid cleavage dioxygenase.  
 
biogenesis (Avendano-Vazquez et al., 2014). The Arabidopsis chloroplast biogenesis 5 (clb5) 
mutant, lacking ζ-carotene desaturase (ZDS) function, accumulates cis-carotenes upstream of 
ZDS (Figure 1.3). Clb5 plants also exhibits needle-like, translucent leaves and strong 
suppression of nuclear- and plastid-encoded genes required for chloroplast biogenesis, 
photosynthetic activity and carotenoid biosynthesis. Genetic and biochemical analyses 
demonstrated the clb5 leaf and transcriptional phenotypes were due to cleavage of 
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phytofluene and/or ζ–carotene isomers to produce ACS1 (Figure 1.3). That is, blocking 
accumulation or cleavage by CCD4 of these carotenes rescues leaf development and gene 
expression patterns (Avendano-Vazquez et al., 2014). Curiously, past in vitro studies suggest 
cis-ζ-carotene isomers are not CCD4 substrates (Huang et al., 2009), but this does not preclude 
phytofluene or cis-ζ-carotene cleavage in planta and demonstrates the need for multiple lines 
of evidence when determining in vivo carotenoid substrates for CCDs.  
What is ACS1 and where might it be produced? Proteomics and GFP-tagging data indicate 
CCD4 is localised to plastoglobules (Figure 1.4) (Ytterberg et al., 2006; Lundquist et al., 2012). 
In chromoplasts, these plastidic structures accumulate high levels of carotenoids (Rubio et al., 
2008; Frusciante et al., 2014) and chloroplastic plastoglobules may also contain carotenoids. 
Thus, it is likely the first step in ACS1 biosynthesis might be in these suborganellar structures, 
but the structure, the number of steps in its biosynthesis and its mechanism of action are all 
unknown. 
cis-carotenoids in tomato (Solanum lycopersicum) fruit may yield ACS2. SlPSY1 transcription, 
eliminated in the yellow-flesh mutant r2997, is partially recovered in the double mutant 
r2997/t3002 (Figure 1.3). PSY1 transcription recovery seems linked to accumulation of tetra-cis-
lycopene and various neurosporene isomers present in the t3002 tomato, which lacks a 
functional CRTISO. Either of these two cis-carotenoids might be precursors of ACS2. Consistent 
with our theory, expression of PSY1 is not rescued in the loss-of-function PSY/ZISO double 
mutant r2997/z2803that lacks the aforementioned cis-carotenoids (Figure 1.3) (Kachanovsky et 
al., 2012).  
ACS3, derived from the β,β-branch of the carotenoid pathway, regulates periodic root 
branching and lateral root (LR) capacity in Arabidopsis in conjunction with the oscillatory LR-
clock gene expression network (Van Norman et al., 2014). Treatment of Arabidopsis seedlings 
with the carotenoid cleavage inhibitor D15 reduced LR capacity, similarly to that seen upon 
carotenoid biosynthesis inhibition (i.e. via Norflurazon and CPTA treatment) and in 
carotenogenic mutants (clb6 and psy, Figure 1.3). Genetic analysis suggests that the reduced 
LR-capacity was not related to ABA or strigolactone signaling, demonstrating the existence of 
a yet to be identified ACS3. Analysis of the lut mutants revealed ACS3 was not derived from 
the ε,β-carotenoid pathway branch, indicating ACS3 is derived from a β,β-carotenoid (Van 
Norman et al., 2014).  
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Are there other ACSs? Metabolic feedback within the carotenoid and MEP pathways at 
transcriptional and/or post-transcriptional levels is essential for regulating carotenoid 
biosynthesis in planta (Qin et al., 2007; Bai et al., 2009; Rodriguez-Villalon et al., 2009a; Ruiz-
Sola and Rodriguez-Concepcion, 2012) and feedback metabolites may originate from the plant 
poly-cis carotenoid pathway, in which phytoene is converted to lycopene. In bacteria, CrtI 
converts 15-cis-phytoene to all-trans-lycopene, whereas plants, algae and cynobacteria 
require two desaturases and two isomerases that are highly conserved (Sandmann, 2009). 
The cis-configured intermediates produced by these enzymes may be susceptible to cleavage 
and modification to form plant-specific regulatory signals, thereby fine-tuning the carotenoid 
pathway in response to stimuli (Kachanovsky et al., 2012). 
1.5.4 Non-enzymatically-generated apocarotenoid signals act as 
photooxidative stress signals 
Non-enzymatically-generated apocarotenoids can also be signals (Estavillo et al., 2012). 
Singlet oxygen (1O2) quenching by β-carotene in photosystem II forms various β-
apocarotenoids via an unknown mechanism, presumably involving oxidative cleavage 
(Gonzalez-Perez et al., 2011; Havaux, 2014). β-cyclocitral and β-ionone were shown to 
accumulate in Arabidopsis within minutes of strong high-light treatment (Ramel et al., 
2012). Similarly, the Arabidopsis mutant ch1, which lacks chlorophyll b and overproduces 
1O2, accumulates β-cyclocitral under moderately-elevated light (Ramel et al., 2013b). 
Arabidopsis exposed to physiologically-relevant concentrations of β-cyclocitral increased 
the expression of stress response, environmental-interaction and 1O2 marker genes, and 
reduced that of development, growth and cellular biogenesis genes. These changes 
increased tolerance to photooxidative stress (Ramel et al., 2012). Moreover, while β-
ionone treatment led to only moderate induction of one 1O2 gene marker, 
dihydroactinidiolide (DHA), derived from β-ionone, elicited gene expression patterns 
correlating with enhanced photooxidative stress-tolerance (Ramel et al., 2012; Shumbe 
et al., 2014).  
Intriguingly β-cyclocitral-induced gene expression is independent of the nuclear-encoded, 
plastid-localized EXECUTER 1 protein (Wagner et al., 2004; Ramel et al., 2012) that was 
reported to initiate 1O2-mediated light stress response (Kim et al., 2012). This suggests 
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that high 1O2 levels induce programmed cell death via EXCUTER 1 (Wagner et al., 2004) 
whilst low 1O2 leads to stress acclimation via β-cyclocitral (Ramel et al., 2012) or other 
mechanisms (Alboresi et al., 2011). Recent work suggests β-cyclocitral-induced stress 
acclimation is salicylic acid (SA)-dependent: β-cyclocitral up-regulates SA concentration 
under excess light, thus inhibiting ROS accumulation in the chloroplast (Lv et al., 2015). 
β-cyclocitral also regulates the nuclear localisation of nonexpressor of pathogenesis-
related gene 1 (NPR 1) via SA accumulation, subsequently inducing GST5 (gluthathione-
S-tranferase 5) and GST13, genes involved in β-cyclocitral-induced stress acclimation 
response (Ramel et al., 2012; Lv et al., 2015).  
The identification of β-cyclocitral and DHA as photooxidative stress signals has shed new light 
on the transduction of 1O2 signaling from chloroplast to nucleus. As a highly reactive molecule 
with short half-life, 1O2 is unlikely to be a signalling compound. β-cyclocitral  and DHA however, 
are lipid-soluble and thus could be membrane-permeable chloroplastic signals (Ramel et al., 
2013a). There may be other β-carotene oxidative cleavage products that may also regulate 
1O2-responsive genes (Havaux, 2014). 
1.5.5 Subcellular compartmentalisation regulates apocarotenoid 
production 
Carotenoid localisation and apocarotenoid transport are important for apocarotenoid 
production (Shumskaya and Wurtzel, 2013), however, the controlling mechanisms are 
enigmatic. Not surprisingly most CCDs are plastid-localised, allowing access to carotenoid 
substrates. Within the plastid, suborganellar compartments such as plastoglobuli (PG) can 
function as sites of apocarotenoid production using carotenoid intermediates under specific 
developmental conditions. It has been shown that PGs are dynamic in composition 
(Lichtenthaler, 1968) and that PG participate in carotenoid metabolism. Interestingly, 
proteomic analysis has identified several enzymes of the carotenoid biosynthetic pathway 
inside PG including ZDS, lycopene β-cyclase (Ytterberg et al., 2006) and CCD4 (Huang et al., 
2009). Moreover recent studies suggest that the stability of CCD4 in PG may be regulated by 
phosphorylation (Lundquist et al., 2013). This scenario opens the possibility that production 
of specific apocarotenoids occur in response to phosphorylation-mediated stimuli. 
In contrast, CCD1 is cytosol-localised (Auldridge et al., 2006). How does CCD1 access 
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carotenoid substrates? Simkin and colleagues found tomato CCD1 enzymes are associated 
with chloroplast outer chloroplast membrane where carotenoid cleavage might occur (Simkin 
et al., 2004a). A similar mechanism has been proposed for CsCCD2, which is also cytosolic 
(Frusciante et al., 2014). However, many researchers have found CCD1 mRNA expression and 
carotenoid levels do not correlate (Ibdah et al., 2006; Ilg et al., 2010; Lashbrooke et al., 2013). 
This would suggest CCD1-mediated cleavage is controlled by other factors or other levels of 
regulation might operate including translational or post-translational regulation. Thus, the 
significance of cytosolic CCD enzymes associating with outer chloroplast membranes will 
require future analyses. 
Organellar processes may also control CCD1 substrate access. Hemifused-membranes at 
plastid-endoplasmic reticulum (ER) contact sites may also allow interorganellar enzymatic 
activity (Mehrshahi et al., 2014). Another interesting hypothesis suggests stromules are 
involved in apocarotenoid transport; stromules and CCDs are affected by similar 
environmental cues and stromules are also thought important for subcellular organelle 
communication (Kwok and Hanson, 2004).  
Another possibility is that CCD1 enzymes might only cleave apocarotenoids generated by 
other CCDs, capable of diffusing out of the plastid. MtCCD7 produces the C27 apocarotenoid 
substrate/s for MtCCD1 in mycorrhizal roots, for example (Floss et al., 2008). In other 
instances, perhaps CCD1 cleaves carotenoid substrates leaked into the cytosol under 
particular conditions, such as plastid degradation during fruit ripening. The observed 
increases in CCD1 expression in the fruits of many species, and the concurrent increases in 
fruit volatile emission, support this hypothesis (Mathieu et al., 2005; Ibdah et al., 2006; Kato 
et al., 2006; Garcia-Limones et al., 2008; Yahyaa et al., 2015). The broad substrate specificity 
of fruit-specific CCD1 enzymes, such as SlCCD1b, also support the notion of CCD1 
‘indiscriminately’ cleaving leaked carotenoids (Ilg et al., 2014). Carotenoid leakage from 
plastids might also happen during insect attack, as suggested by Vogel (Vogel et al., 2008), 
with carotenoids then cleaved to produce insect-repellent compounds. This theory concurs 
with the observation that CCD1 overexpression can reduce crucifer beetle attack (Wei et al., 
2011). A similar mechanism may help mitigate pathogen attack since many apocarotenoids 
seem to possess antimicrobial and antifungal properties (Utama et al., 2002). In light of these 
uncertainties, we propose that existing in vitro and in bacterio results need to be 
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complemented by in planta measurements of apocarotenoids. 
1.5.6 Concluding Remarks and Future Perspectives 
Plant carotenoid cleavage products are an exciting class of compounds whose biochemistry 
and functions are still largely unexplored. The big questions are summarized in the 
Outstanding Questions Box and are further discussed below.  
While many apocarotenoids have been identified, those which possess ACS functions are 
unknown and it is also likely that many ACSs remain unidentified. Furthermore, ACSs 1-3 may 
represent groups of compounds, not 3 distinct compounds. In this regard genomic and 
chemical genetic techniques may help. For example, studies involving suppression of a specific 
CCD could narrow down the field of candidate apocarotenoids (McCourt and Desveaux, 2010) 
responsible for a specific function or signal. Targeted chemical screens may also uncover in 
planta apocarotenoid signals.  
Beyond ABA and strigolactone, little is known about the genes responsible for post-CCD 
apocarotenoid modification and transport. How are apocarotenoids transported between 
sites of synthesis and action? What are the sites of action: stroma, cytosol or nucleus? 
Research into CCD1 suggests apocarotenoid biosynthesis spans multiple cellular locations (Tan 
et al., 2003; Simkin et al., 2004a) so there must be an active transport mechanism (Figure 1.4). 
We also need to integrate our understanding of apocarotenoid chemistry with current 
knowledge of carotenoid biosynthesis. Studies suggest carotenoid biosynthetic enzymes exist 
in metabolons (Shumskaya and Wurtzel, 2013) and plants may alter metabolon composition 
during different developmental stages or in response to specific signals, and thus carotenoids 
produced. It is possible that the involvement of CCDs in specific carotenoid metabolons could 
explain how specific apocarotenoids are formed despite in vitro CCD substrate promiscuity. 
Inclusion of particular isoforms in these complexes might also provide a source of variability 
in the type of apocarotenoid produced. But, studying metabolons, protein-protein and 
protein-metabolite interactions remains a challenge. Utilisation of super-resolution 
fluorescence microscopy, allowing single molecule localization and characterisation 
(Schermelleh et al., 2010), and cryo-electron tomography (CryoET) to determine dynamic 
single-molecule structure (Zhang and Ren, 2012) could aid future study of apocarotenoid 
production by metabolons and subsequent transport within and out of plastids. 
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Apocarotenoid signal-perception is another important area for research. Apocarotenoids 
could theoretically bind to enzymes, transcription factors or even RNA sequences (e.g. 
riboswitches (Verhounig et al., 2010)) to exert regulatory effects. Affinity chromatography 
with apocarotenoids as bait could isolate apocarotenoid-binding proteins, transporters or 
RNA targets: proteomics and next-generation sequencing would then aid in their 
identification. Apocarotenoid analogues with fluorescent or affinity moieties (Khan et al., 
2013) could also reveal interacting enzymes; a similar approach helped find strigolactone 
receptors (Prandi et al., 2013).   
We anticipate much more will be discovered about apocarotenoid biology, biochemistry, 
function and formation, yielding new insights into how plants utilise this class of compounds. 
 
Outstanding Questions 
Genomic and chemical genetic strategies will help us to discover new bio-active 
apocarotenoids, and the pathways involved in their production and transport. Researchers will 
need to consider how apocarotenoid and carotenoid production is co-ordinated. Furthermore, 
we do not know how or where apocarotenoids are perceived by plants, and how downstream 
responses are mediated. New transcriptomics, biochemical, genetic and proteomics 
techniques will help to address the following key questions. 
• How are apocarotenoids produced and how is their production regulated?  
• Do CCDs interact with carotenogenic enzymes in a metabolon complex to facilitate the 
production of specific apocarotenoids?  
• Which apocarotenoids possess biological function(s)?  
• Are apocarotenoids transported and perceived within and between cells? 
• How are apocarotenoids perceived and how do they regulate biological processes? 
1.6 Aim of thesis 
Reportedly the ccr2 mutant accumulates poly-cis carotenes and lacks PLB (Park et al., 2002) in 
etiolated seedlings, in correlation this mutant shows a yellowing phenotype in newly emerged 
leaf tissues when grown under 8-h to 10-h photoperiods, indicating impaired chloroplast 
biogenesis. We speculate the accumulated poly-cis carotenes or likely their cleavage products 
apocarotenoids may play regulatory roles in skoto- and photo-morphogenesis via retrograde 
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signals dubbed ACSs in this thesis. To study the nature of the speculated ACSs, we performed 
forward genetic study by generating ethyl methanesulfonate (EMS) mutagenized ccr2 and 
screening for double mutants that restored leaf greening. Through next generation 
sequencing (NGS) we identified causal mutations in revertants of ccr2 (rccr2), followed by 
characterization of the mutated genes that may link apocarotenoids to plastid development. 
Using a combination of molecular and cellular technologies and bioinformatics approaches 
we aim to examine the ACSs that regulate etioplast development and chloroplast biogenesis, 
as well as to study other mechanisms leading to the reversion of ccr2 yellowing phenotype 
especially if they are related to plastid development and the fine-tuning of carotenoid 
biosynthetic pathway. 
The main content of following chapters is summarised as below: 
• Chapter 2 of the thesis describes the materials and methods used in the present study. 
Although chapters 4 and 5 are written in the format of manuscripts to submit to Plant 
Cell and Plant Physiology, respectively, their “materials and methods” sections are 
combined into chapter 2 to avoid duplication. 
• Chapter 3 describes the screening of rccr2 and identification of causal mutations in 
each rccr2 lines by NGS. In chapter 3, I also discuss the potential connection of some 
candidate genes to the regulation of plastid development by ACSs. 
• In chapter 4, I study the ccr2 ziso-155 and ccr2 det1-154 double mutants and describe 
an ACS, namely ACS2, that is possibly derived from cis-carotenoids. ACS2 acts 
downstream of DET1 to regulate plastid development by affecting POR protein levels. 
• In chapter 5, I discovered that mutations in PSY, the entry-point enzyme of carotenoid 
biosynthesis, supressed ACS2. The suppression of ACS2 was caused by reduced PSY 
activity and protein levels but not due to altered localization. 
• In chapter 6, I make final discussion and present future perspectives. 
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Chapter 2: Materials and methods 
2.1 Plant materials and growth conditions 
2.1.1 Plant materials 
The Arabidopsis thaliana ecotype Columbia (Col-0) and ecotype Landsberg erecta (Ler-0) were 
used as wild-type controls in this thesis. The Arabidopsis ccr2 mutant, carrying a G-to-A 
mutation in crtiso gene at the start of intron 9 that leads to mis-splicing, was in Col-0 
background and subjected to EMS mutagenesis to generate revertants of ccr2 (rccr2). The ccr2 
mutant was crossed to Ler-0 followed by six rounds of backcross and screening for ccr2 
phenotypes to generate ccr2 mutant in Ler-0 background (Lccr2). Lccr2 was used as parent to 
cross to rccr2 in preparation of F2 plants for Next Generation Sequencing (NGS); ccr2 and Col-
0 were also used as parents. 
2.1.2 Soil-based growth 
For soil grown plants, seeds were sown on soil with the following composition: Seed Raising 
Mix (Debco, NSW Australia) with 3 g of Osmocote Exact Mini (Scotts, NSW Australia) 
supplemented into 1 L of soil and the mixture was treated with 500 mL 0.3% (v/v) Azamax 
(Organic Crop Protectants, NSW Australia) solutions. Seeds were then stratified for 3 d at 4°C 
in the dark and covered with plastic hood or cling wrap to retain moisture, prior to transferring 
to an environmentally controlled growth chamber set to 21°C and illuminated by 
approximately 120 μmol.m-2.s-1 of fluorescent lighting. The plastic hood or cling wrap was 
removed 3 d after the seeds germinated. Unless otherwise stated, plants were grown in a 16-
h photoperiod. 
Photoperiod shift assays were performed by shifting three-week old plants grown under a 16-
h photoperiod to a shorter 10-h one for one week and newly emerged leaf tissues were scored 
as displaying either the yellow true leaf (YTL) or green true leaf (GTL) phenotypes. To score 
floral meristem termination phenotypes, plants were grown under a 10-h photoperiod after 
shifting from 16 h until flowering stage and photographed.  
-56- 
 
2.1.3 Medium-based growth 
For artificially grown seedlings in this research, full strength Murashige and Skoog (MS; 
GibcoBRL, MD USA) medium was used and it consists of 4.33 g.L-1 MS salts with vitamins and 
0.5% (or 0.8% for root assays) phytagel (Sigma-Aldrich, MO USA), with pH adjusted to 5.8 with 
1 M KOH. Seeds were surface-sterilised for 3 h under chlorine gas by mixing 99 mL bleach 
(sodium hypochlorite solution, Pelikan Artline, NSW Australia) with 1 mL 36% hydrochloric 
acid (Ajax Finechem, NSW Australia) in a sealed five-litre container at a fume cupboard, 
followed by washing seeds twice with 70% (v/v) ethanol and twice with autoclaved MilliQ 
water. Seeds were then resuspended in autoclaved 0.1% agarose (AMRESCO, OH USA) and 
sown on the MS plates. The plates were sealed with 3M micropore tape (Carolina Biological, 
NC USA) and placed in dark at 4°C to stratify the seeds for 2 d, before exposed to light under 
the growth conditions described in the previous section. All washing and sowing procedures 
were carried out in a biosafety cabinet (Bio-Cabinets, VIC Australia) to minimise contamination. 
To inhibit CCD activities in etiolated seedlings, D15 (Sergeant et al., 2009) was dissolved in 
ethanol and added to MS medium by a 1:1000 dilution of the stock to reach a final 
concentration of 100 µM (Van Norman et al., 2014). Inhibition of PDS activity in etiolated 
seedlings was performed by adding norflurazon (Sigma-Aldrich) (Simkin et al., 2000) to MS 
medium at a final concentration of 20 µM. 
Seed derived calli (SDC) were generated as previously described (Mathur and Koncz, 1998). 
Briefly, 5 mg surface-sterilized seeds were plated onto a 90 mm petri dish containing 40 mL of 
SDC medium (4.33 g.L-1 MS basal salts (GibcoBRL), pH 5.8, 3% w/v sucrose, 0.1% v/v Gamborg 
B5 vitamins (Sigma-Aldrich), 0.5 mg.L-1  2,4-D, 2 mg.L-1  indole-3-acetic acid (Sigma-Aldrich), 
0.5 mg.L-1  2-isopentenyladenine (Sigma-Aldrich), 0.5% w/v phytagel). Seeds were germinated 
for 5 d under 16-h photoperiod and incubated for 16 d in dark before harvesting tissues for 
HPLC analysis. Callus treated with norflurazon were transferred onto the same medium 
containing 1 µmol.L-1 norflurazon prior to etiolation. Norflurazon was dissolved in 100% 
ethanol to make a 1 mmol.L-1 stock and diluted as appropriate in SDC medium.  
The etiolated seedling greening experiments were performed by germinating stratified seeds 
in dark at 21°C for 4 d and then de-etiolating seedlings by exposing them to continuous 
fluorescent illumination of 80 μmol.m-2.s-1 for 3 d at 21°C. Twenty seedling tissues were then 
harvested for chlorophyll measurements at 12 h intervals starting from exposure to light.  
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For hypocotyl experiments, following etiolation for 4 d representative seedlings were 
photographed under an Olympus SZX16 microscope (Olympus, Tokyo Japan) to depict the 
apical hook (WT and ccr2) or open cotyledon (ccr2 det1-154). The length of the hypocotyl was 
scored using Image J (Schneider et al., 2012). 
For root experiments, eleven individual seeds were sowed on a 12-cm square plate and 
germinated at 21°C under a 16-h photoperiod after stratification. Root length was scored for 
11 d at 24 h intervals and plates were scanned using an Epson Perfection V700 scanner (Seiko 
Epson Corporation, Najano Japan) on day 11. 
2.2 Microbial strains and growth conditions 
Escherichia coli DH5a strain was normally used for plasmid propagation, except for plasmids 
expressing ccdB gene the DB3.1 resistant E. coli strain was used. Both DH5a and DB3.1 strains 
were originally obtained as chemical-competent stocks from New England BioLabs (MA USA) 
and ThermoFisher Scientific (MA USA), respectively, and were propagated and maintained in 
our lab. TOP 10 chemical competent E. coli cells (ThermoFisher Scientific) were used for GGPP 
or phytoene synthesis when transformed with artificial chromosome pAC-GGPPipi or pAC-
PHYT, respectively. E. coli strain BL21 (DE3), propagated in our lab and used for the expression 
of recombinant proteins, was a gift from Dr. June Liu (Australian Department of Agriculture 
and Water Resources). Agrobacterium GV3101 strain (gift from Dr. Anthony Millar, The 
Australian National University) was used as plasmid carrier in Agrobacterium-mediated 
transformation of Arabidopsis. 
All E. coli and Agrobacterium strains were cultured in sterile Luria-Bertani broth (LB broth, 
ThermoFisher Scientific) that contains 10 g.L-1 peptone 140, 5 g.L-1 yeast extract and 5 g.L-1 
NaCl, at 37°C and 28°C, respectively. Solid LB medium containing 1.2% agar was used for plate-
based culture of E. coli and agrobacterium strains. 
2.3 Revertant screening and identification of casual 
mutations 
2.3.1 Revertant screening 
ccr2 seeds were mutagenized using ethyl-methane sulfonate (EMS; Sigma-Aldrich) and a 
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mapping population established as previously described (Kim et al., 2006; Weigel and 
Glazebrook, 2006). Briefly, 1 g seeds (about 50,000) were incubated in a 50 mL Falcon tube 
with 25 volumes of 0.2% (v/v) EMS for 15 h on a rotator. EMS solution was then tipped off and 
seeds were washed 7 times in 25 mL sterile milli-Q water for 5 min followed by incubating 
seeds in water for 1 h as the last wash. Seeds were resuspended in 0.1% agarose and sowed 
in soil to grow M1 plants. M2 Seeds were collected from pools of 5-10 M1 plants and greater 
than 40,000 M2 seedlings from 30 pools in total were screened for the Green True Leaf (GTL) 
phenotype. Among the preliminary 194 EMS-mutagenized ccr2 lines identified, 25 
successfully produced a GTL phenotype at varying degrees, which were named as revertants 
of ccr2 (rccr2). Lutein level and xanthophyll composition were examined in all rccr2 lines using 
HPLC to confirm a reduced level of lutein and a similar xanthophyll composition to ccr2. rccr2 
lines were backcrossed to Ler-0, the ccr2 parent and Ler-0 carrying ccr2 mutation (Lccr2); 
segregating F2 homozygous population was generated under a 10-h photoperiod. An equal 
area of leaf tissue from 30-78 F2 homozygous rccr2 plants displaying a clear GTL phenotype 
and reduced lutein level was pooled for DNA extraction.  
2.3.2 Plant imaging 
Arabidopsis plant leaf colour and rosette area in pixel unit were measured using the Scanalyzer 
imaging system (LemnaTec GmbH, Aachen Germany). Images of plants were acquired from a 
top view on a digital camera and processed using LemnaTec Bonit HTS software. The 
proportion of the plants which appear yellow was calculated via dividing the number of 
‘yellow’ pixels by the total number of pixels in each plant. In addition to Scanalyzer, 
photography of plants was also performed using the Lumix DMCFZ5 camera (Panasonic, Osaka 
Japan). 
2.3.3 Genomic DNA extraction and library preparation 
Fifty to one hundred milligrams of Arabidopsis leaf tissue was frozen in liquid nitrogen and 
ground to fine powder using a TissueLyser® (QIAGEN, Hilden Germany). Genomic DNA was 
extracted using the DNeasy Plant Mini Kit (QIAGEN) and eluted in 70 μL of sterile milli-Q water.  
The concentration of Genomic DNA was measured using a ND-1000 spectrophotometer 
(NanoDrop Technologies, DE USA) with NanoDrop software version 3.5.2. The measurements 
were taken at 260 nm (OD260) and converted to concentration using the Beer-Lambert 
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equation where 1 OD is considered as 50 μg.mL-1 for double stranded DNA. The purity of DNA 
samples is examined using OD260/OD280 ratio where a ratio of 1.8 indicates pure DNA. 
One microgram of genomic DNA was sheared using the M220 Focused-Ultrasonicator (Covaris, 
MA USA) with the following settings: sample volume 50 μL, temperature 7°C, peak incident 
power 75 W, duty factor 10%, cycles per burst 200, treatment time 195 S. Physically sheared 
DNA was quality-controlled using MultiNA Microchip Electrophoresis System (Shimadzu, 
Kyoto Japan) to verify the targeted peak at about 200bp. DNA libraries were prepared using 
NEBNext® Ultra™ DNA Library Prep Kit (New England Biolabs, MA USA) and size selected 
( ~320 bp) using AMPure XP Beads (Beckman Coulter, CA USA). Quality control of libraries was 
performed using a 2100 Bioanalyzer (Agilent Technologies, CA USA), followed by dilution of 
libraries to an equal concentration of 10 nmol.L-1 and checking the concentration again using 
Qubit 2.0 Fluorometre (ThermoFisher Scientific) and Qubit DS DNA HS Assay Kit 
(ThermoFisher Scientific). Libraries were then pooled and paired end next-generation 
sequencing (NGS) was performed using the Illumina HiSEQ1500.  
2.3.4 Sequencing data analysis 
The total number of reads ranged between 29-45 million representing approximately 22-35 
times genome coverage. After sequencing, the raw reads were assessed for quality using the 
FastQC software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and 
subjected to trimming of illumina adapters and filtering of low quality reads with Adapter 
Removal programme (Lindgreen, 2012). The reads were mapped to the A. thaliana (TAIR9) 
genome with BWA mapper (Li and Durbin, 2009). The resultant BWA alignment files were 
converted to sorted bam files using the samtools v0.1.18 package (Li et al., 2009a) and was 
used as input for the subsequent SNP calling analyses. 
The SNPs were called and analysed further on both the parent and mutant lines using NGM 
pipeline (Austin et al., 2011) and SHOREmap (Schneeberger et al., 2009). For the NGM pipeline, 
the SNPs called using samtools (v0.1.16) as instructed and processed into ‘.emap’ files using a 
script provided on the NGM website. The .emap files were uploaded to the NGM web-portal 
to assess SNPs with associated discordant chastity values. To identify mutant specific SNPs, 
Parental line SNPs-filtered for EMS changes and homozygous SNPs were defined based on the 
discordant chastity metric. For SHOREmap, the SHORE software (Ossowski et al., 2008) was 
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used to align the reads (implementing BWA) and called the SNPs (Hartwig et al., 2012). 
SHOREmap backcross was then implemented to calculate mutant allele frequencies and filter 
out parent SNPs and defined the EMS mutational changes. Where appropriate, custom scripts 
were used to identify mutant specific, EMS SNPs, to filter out parent SNPs and annotate the 
region of interest.  
The localization of SNPs and InDels were based on the annotation of gene models provided 
by TAIR database (http://www.arabidopsis.org/). The polymorphisms in the gene region and 
other genome regions were annotated as genic and intergenic, respectively. The genic 
polymorphisms were classified as CDS (coding sequences), UTR (untranslated regions), introns 
and splice site junctions according to their localization. SNPs in the CDS were further separated 
into synonymous and non-synonymous amino substitution. The GO/PFAM annotation data 
were further used to functionally annotate each gene. 
2.3.5 Verification of mutations by Sanger sequencing 
Phusion proof-reading polymerase (New England Biolabs) was used to amplify the DNA 
fragments that need to be sequenced to verify the mutation identified in NGS. PCR was carried 
out using 200 ng genomic DNA diluted to 2 μL or cDNA mixture as template, 1 X Phusion High 
Fidelity buffer, 0.5 μL of 10mmol.L-1 dNTP mix, 1.25 μL of each primer (10 μmol.L-1), 0.5 units 
Phusion polymerase and 14.75 μL nuclease-free water to a final volume of 25 μL. 
Thermocycling conditions were 98°C for 30 s; 30 cycles at 98°C for 10 s, annealing 
temperatures depending on primers for 30 s and 72°C cycle for 20 s; final extension at 72°C 
for 5 min. Primers are listed in Table 2.1. 
One percent agarose gels were prepared and run in 0.5 X TBE (44.5 mmol.L-1 Tris base, 44.5 
mmol.L-1 Boric acid, 1 mmol.L-1 EDTA pH 8.0) to check the quality of PCR products; 1.5 mmol.L-
1  ethidium bromide added to the gel to visualise DNA. Two microliters of PCR products were 
mixed with 1 μL of 6 X loading buffer (New England Biolabs) and 3 μL nuclease-free water, and 
were loaded along with 100 bp DNA molecular marker (New England Biolabs) to the gel. TBE 
Gels were run at 200 V for 20 min followed by visualisation using the GelDoc System UV 
transilluminator (Fisher Biotech, WA USA). All PCR products displayed a single band with 
expected molecular size on an agarose gel, and 100 ng of each product was sent to 
Biomolecular Resource Facilities at The Australian National University for Sanger sequencing 
-61- 
 
to verify mutations on genomic DNA. 
For the verification of mutations that cause altered splicing, reverse transcriptase polymerase 
chain reaction (RT-PCR) was used to generate cDNA mixture from Arabidopsis total RNA and 
to amplify target sequences. Total RNA was extracted from Arabidopsis leaf tissue using Trizol 
reagent (Thermo Fisher Scientific). Fifty milligrams of leaf tissue was ground using a 
TissueLyser® (QIAGEN) at 25 sec-1 for 2 min, and 1 mL of Trizol reagent was added to each 
tube. Tubes were incubated at room temperature for 5 min and 200 μL of chloroform was 
added to each tube, followed by vigorously shaking all tubes and incubation at room 
temperature for 3 min. After centrifugation at 14,000× g for 10 min at 4°C, 500 μL of upper 
aqueous phase was transferred to a new tube and chloroform extraction was repeat once. An 
equal volume of 100% cold isopropanol was added to 380 μL of upper aqueous phase, mixed 
by inverting the tubes and incubated at -20°C for 2 h. After centrifugation 20,000× g for 20 
min at 4°C, supernatant was removed with pipette and 1 mL of 75% ethanol was added to 
wash the pellet, followed by centrifugation at room temperature for 3 min at 7,500× g. 
Supernatant was thoroughly removed and tubes were air dried at room temperature until 
pellets started to become translucent. RNA pellets were dissolved by adding 50 μL of nuclease 
free water and incubation at room temperature for 5 min, and were stored at -80°C. Five to 
ten micrograms of extracted total RNA was treated by 2 U of TURBO DNase (Thermo Fisher 
Scientific) at 37°C for 30 min, and RNA was recovered using 1.8 × Agencourt RNAClean XP 
magnetic beads (Beckman Coulter). The concentration of RNA was measured by loading 2 μL 
of each sample to LabChip DS (PerkinElmer, MA USA) and considering 1 OD is as 40 μg.mL-1. 
First strand cDNA synthesis was performed using SuperScript™ III Reverse Transcriptase kit 
(ThermoFisher Scientific). Briefly, 1 μg of DNase-treated and beads-cleaned total RNA in a 
volume of 5 μL, 1 μL of oligo(dT)20 (50 μmol.L-1), 1 μL of dNTP mix (10 mmol.L-1) was mixed 
with sterile milli-Q water to 13 μL, heated to 65°C for 5 min and incubated on ice for 2 min. 
The contents were then mixed with 4 μL of 5 × First-Strand Buffer, 1 μL of 100 mmol.L-1 DTT, 
40 units of RNaseOUT™ and 1 μL of SuperScript™ III Reverse Transcriptase. Following 
incubation at 25°C for 5 min and that at 50°C for 60 min, the reaction was inactivated by 
heating at 70°C for 15 min. Two microliters of synthesised cDNA was then used for PCR 
amplification using Phusion proof-reading polymerase (New England Biolabs) in a total 
reaction volume of 25 μL. Thermocycling conditions were the same as used for the 
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amplification of genomic DNA, and for all PCR products a single band of expected molecular 
size was achieve by optimizing annealing temperatures. Primers are listed in Table 2.2. 
Amplified cDNA fragments were cloned using NEB PCR cloning kit (New England Biolabs) 
following manufacturer’s instructions. Three microliters of cDNA was mixed with 1 μL 
linearized pMiniT vector, 1 μL sterile milli-Q water and 5 μL Cloning Master Mix, and incubated 
at 25°C for 15 min followed by 2 min on ice. Two microliters of completed ligation reaction 
was added to 50 μL NEB 10 beta competent E. coli cells (New England Biolabs) and incubated 
on ice for 20 minutes followed by heat shock at 42°C for 2 min. The contents were incubated 
on ice for 5 min before mixed with 950 μL SOC medium and incubated at 37°C for 1 h. For each 
ligation 50 μL was spread on a LB plate with ampicillin (100 mg.L-1) followed by incubation at 
37°C overnight. 
Ten colonies were picked for each transformation and cultured overnight in 5 mL LB medium 
with 100 mg.L-1 ampicillin. Plasmid extraction was carried out with QIAprep® Miniprep kit 
(QIAGEN) following the manufacturer’s instructions. For each colony 100 ng plasmid DNA was 
sent to Biomolecular Resource Facilities for Sanger sequencing.
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Table 2.1 Sequencing primers used in this study.  
Name Sequence Description 
PSY4F 
PSY4R 
CTCTGTCTTATCTTACTTCC 
TAAACCCTTCCTCTTCTC 
Forward and reverse primers for sequencing PCR products amplified from genomic DNA to 
verify the point mutation on exon 4 of the psy-4 allele in rccr24 
   
PSY90F 
PSY90R 
ACCGGTTTCTTGATTCACA 
TTCCACTTTCCTCTCGCT 
Forward and reverse primers for sequencing PCR products amplified from genomic DNA to 
verify the point mutation on exon 5 of the psy-90 allele in rccr290 
   
PSY130F 
PSY130R 
GAACACCAAGCATCCAAA 
GTCTCGAAATGGCTGCAA 
Forward and reverse primers for sequencing PCR products amplified from genomic DNA to 
verify the point mutation on exon 3 of the psy-130 allele in rccr2130 
   
PSY145F 
PSY145R 
GGTCTTCTTCTTATGACC 
CATCACTTTATCCTACAA 
Forward and reverse primers for sequencing PCR products amplified from genomic DNA to 
verify the point mutation at exon 2/intron 3 junction of the psy-145 allele in rccr2145 
   
DET1-154F 
DET1-154R 
GGATTGATGCAGTTGACAG 
GTATCAGTTCAATGTAAC 
Forward and reverse primers for sequencing PCR products amplified from genomic DNA to 
verify the point mutation at exon 4/intron 4 junction of the of the det1-154 allele in rccr2154 
   
ZISO155F 
ZISO155R 
TGTGCTGATGTAATGGGTG 
CGTGTTTTGTTTGCTGGAATC 
Forward and reverse primers for sequencing PCR products amplified from genomic DNA to 
verify the point mutation on exon 3 of the ziso-155 allele in rccr2155 
   
pMiniT-F 
pMiniT-R 
ACCTGCCAACCAAAGCGAGAACAA 
TCAGGGTTATTGTCTCATGAGCGG 
Forward and reverse primers for sequencing the RT-PCR products amplified from splicing 
variants in in rccr2145 or rccr2154 and cloned into pMiniT vector 
Table 2.2 Cloning primers used in this study. 
Name Sequence Description 
PSY145FC 
PSY145RC 
CTTTGCTTATGACACCCG 
CAGAATATCGACCGGGTATC 
Forward and reverse primers for cloning a 221-bp wild type PSY cDNA fragment or a 762-bp 
cDNA fragment from the psy-145 splicing variant containing intron 3 
   
DET1-154FC 
DET1-154RC 
CAATGATGAGTCAAGATAAG 
TTACCCCACCGTCTACAC 
Forward and reverse primers for cloning a 321-bp wild type DET1 cDNA fragment containing 
exon 3, 4 and 5 or a 249-bp cDNA fragment from the det1-154 splicing variant lacking exon 4 
   
PSY-yeastF 
PSY-yeastR 
TCTTTTGTAAGGAACCGAAGTAG 
TATCGATAGTCTTGAACTTGAAG 
Forward and reverse primers for cloning wild type PSY and mutants into the yeast split 
ubiquitin system 
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2.4 Generation of transgenic plants 
2.4.1 Plasmid construction 
Plasmid pEarley-ZISO was designed to overexpress ZISO using the CaMV35S promoter. A full 
length wild type ZISO cDNA coding region was chemically synthesised (Thermo Fisher 
Scientific) and cloned into the intermediate vector pDONR221. Next, using gateway 
homologous recombination the ZISO cDNA was cloned into pEarleyGate100 vector (Earley et 
al., 2006) and sequenced to confirm cloning junctions. Similarly, pEarley-PSY and pEarley-DET1 
were designed to overexpress full length wild type PSY and DET1 cDNA, respectively, using the 
CaMV35S promoter in pEarleyGate100. Gateway cloning was carried out by Thermo Fisher 
Scientific and the constructs were propagated at our lab. All constructs were verified in the 
lab again by Sanger sequencing and restriction enzyme digestion. 
2.4.2 Agrobacterium-mediated transformation of Arabidopsis via 
floral dipping 
To make electrocompetent Agrobacterium cells, Agrobacterium strain GV3101 was streaked 
onto a plate containing LB medium, 1.2% agar, 25 mg.L-1 Rifampicin and 25 mg.L-1 Gentamicin. 
The plate was incubated for 1-3 d at 28°C until colonies formed. Single colonies were 
inoculated in 3 mL LB medium containing both antibiotics and grown at 28°C for 24 h with 
constant shaking at 200 rpm. The small culture was then diluted by 100-fold in LB medium 
with both antibiotics and grown at 28°C with constant shaking at 250 rpm until OD600 reached 
a value between 0.6-0.8. The culture was incubated on ice for 10 min and cells were harvested 
by centrifugation at 4,000× g for 10 min at 4°C. Agrobacterium cells were washed 3 times with 
cold sterile milli-Q water the volume of which was equal to that of the LB culture. Cells were 
then resuspended in 1/2 volume of cold sterile 10% (v/v) glycerol and pelleted again. The 
pellet was resuspended in 1/100 volume of cold 10% glycerol and 50 μL aliquots were made 
for the stock of electrocompetent Agrobacterium cells. 
Ten nanograms of plasmid DNA in 1 μL sterile milli-Q water was added to 50 μL 
electrocompetent Agrobacterium cells and gently mixed. Cells and plasmid DNA were 
transferred to a chilled cuvette (Bio-Rad, CA USA) and electroporation was done with the 
following parameters: 1.8 kV, 25 μF and 400 Ω. One millilitre of LB medium without antibiotics 
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was immediately added to the cuvette, mixed by pipetting and transferred to an Eppendorf 
tube which was subsequently incubated at 28°C for 1 h. The cells (100 μL) were spread on a 
LB plate containing 25 mg.L-1 Rifampicin, 25 mg.L-1 Gentamicin and 50 mg.L-1 Kanamycin and 
cultured at 28°C for 1-3 d until colonies formed. Single colonies were cultured in 5 mL LB 
medium containing all three antibiotics and plasmid DNA was extracted from 2.5 mL LB culture 
using QIAprep® Miniprep kit (QIAGEN). Plasmids were verified by restriction enzyme digestion 
before the remaining 2.5 mL culture was inoculated into 250 mL LB medium containing 25 
mg.L-1 Gentamicin and 50 mg.L-1 Kanamycin, followed by growth at 28°C for 16 h with constant 
shaking at 250 rpm. Agrobacterium cells were pelleted by centrifugation at 4,000× g for 10 
min at 4°C, and resuspended in 50 mL infiltration buffer (5% w/v Sucrose and 0.03% v/v Silwet 
L-77). Resuspended Agrobacterium cells were dropped onto each floral buds of Arabidopsis 
plants followed by incubating plants in dark at 21°C for 16 h. Plants were then grown under 
normal conditions as described earlier in this chapter until seeds were harvested for screening.  
The rccr2155 EMS mutant line was transformed with pEarley-ZISO; mutant line rccr24, rccr290 
and rccr2130 were transformed with pEarley-PSY and rccr2154 with pEarley-DET1. At least 10 
independent transgenic lines were generated for each transformation and selected by 
spraying seedlings grown on soil with 50 mg/L of glufosinate-ammonium salt. 
2.5 Pigments measurement 
2.5.1 HPLC-based carotenoid analysis 
Carotenoids from Arabidopsis leaf, root and 7-d old etiolated seedlings was quantified by HPLC 
as previously described. Frozen tissues of 3-5 biological replicates from each treatment 
condition were ground to fine powder using a Qiagen TissueLyser®. Pigments were isolated 
under green safe light with 400 μL of carotenoid extraction buffer (60% v/v ethyl acetate and 
40% v/v acetone) and partitioned into the ethyl acetate layer by adding 320 μL of H2O. The 
carotenoid-containing organic phase was separated via centrifugation and analysed by reverse 
phase HPLC (Agilent 1200 Series) using either the GraceSmart (4-μm, 4.6 × 250-mm column; 
Alltech) or Allsphere (OD2 Column 5-μm, 4.6 x 250-mm; Grace Davison) C18 columns. An ethyl 
acetate gradient of acetonitrile, milli-Q water, and triethylamine (9:1:0.01) with a flow rate of 
1 mL/min separated carotenoids based upon retention time relative to known standards and 
their absorbance spectra at 440 nm (xanthophylls and some cis-carotenes), 340 nm 
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(phytofluene) and 286 nm (phytoene). Quantification of individual pigments was performed 
by integrating peak area on the chromatogram to nanomolar units using standard curves and 
was normalized against fresh weight (milligrams).  
HPLC analysis and quantification of SDC was performed at the lab of Prof Ralf Welsch (Faculty 
of Biology II, University of Freiburg) as previously described (Welsch et al., 2008). For 
saponification, extracts were mixed with 4 mL of ethanol, 120 μL KOH (1 g.mL-1) added, 
vortexed for 20 sec, heated for 10 min at 85°C and cooled on ice. Six millilitres of 1% (w/v) 
NaCl solution was added, vortexed and carotenoids were extracted twice with 2 mL of 
petroleum ether:diethyl ether (PE:DE, 2:1, v/v). 
To examine the phytoene levels in yeast alongside split ubiquitin and β-galactosidase activity 
assays, yeast cells were lysed by sonication in 2 mL of 100% acetone on ice (30 cycles of 10 s 
on /10 s off). Lysates were centrifuged at 15,000× g for 10 min at 4°C and the following 
extraction of phytoene and HPLC analysis were performed as per described for SDC at the lab 
of Prof Ralf Welsch. 
2.5.2 Protochlorophyllide quantification 
Protochlorophyllides (Pchlides) were extracted and measured using published methods 
(Kolossov and Rebeiz, 2003) with modifications. Around 100 mg of 7-d old etiolated 
Arabidopsis seedlings were harvested under dim-green safe light, frozen in liquid nitrogen and 
ground to fine powder using a TissueLyser® (QIAGEN) at 25 sec-1 for 2 min. Two milliliters of 
80% acetone pre-chilled to -20°C was added to each sample and the mixture was briefly 
homogenized. After centrifugation at 18,000× g for 10 min at 1°C, supernatant was split to 2×1 
mL for Pchlides and protein extraction. Fully esterified tetrapyrroles were extracted from the 
acetone extracts with equal volume followed by 1/3 volume of hexane. Pchlides remained in 
the hexane-extracted acetone residue (HEAR) were used for fluorescence measurement using 
a TECAN M1000PRO plate reader (Tecan Group, Männedorf Switzerland) and net fluorescence 
were determined as previously described (Rebeiz, 2002). Pchlides in HEAR fraction were then 
transferred to diethyl ether by adding 200 µL diethyl ether, 60 µL saturated NaCl and 15 µL 
0.37 M KH2PO4 at pH 7.7, followed by 100 µL diethyl ether only. The absorbance of Pchlides in 
diethyl ether was measured with TECAN M1000PRO (Tecan Group) and concentration was 
determined as described before (Rebeiz, 2002) to cross check the fluorescence measurements. 
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Protein extraction was performed using 80% acetone and 10% TCA; protein concentration was 
measured with Bradford reagent (Bio-Rad) and used to normalize the net fluorescence and 
concentration of Pchlides. 
2.5.3 Chlorophyll concentration measurement 
Total chlorophyll was measured as described previously (Porra et al., 1989) with minor 
modifications. Briefly, 20 seedlings of each samples were put in a 1.5 mL centrifuge tube with 
a 3.175 mm steel ball, frozen in liquid nitrogen for 5 min and homogenised in a TissueLyser® 
(QIAGEN) for 2 min at 25 s-1. Homogenised tissue was rigorously resuspended in 300 μL of 
extraction buffer (80% acetone and 2.5 mmol.L-1 NaH2PO4, pH 7.4), incubated at 4°C in dark 
for 15 min and centrifuged at 20,800× g for 10 min. Two hundred and fifty microliters of 
supernatant was transferred to a NUNC 96-well plate (Thermo Fisher Scientific) and 
measurements of A647, A664 and A750 were obtained using an iMark Microplate Absorbance 
Reader (Thermo Fisher Scientific). Total chlorophyll of each extraction was determined using 
the following equation modified from (Porra, 2002): (Chl a + Chl b) (μg) = (17.76 × (A647-A750) 
+ 7.34 × (A664-A750)) × 0.895 × 0.25. 
2.6 RNA library construction and differential gene expression 
analysis 
2.6.1 RNA extraction and library construction 
Total RNA was extracted from Arabidopsis leaf tissues grown under 8-h photoperiod or 
etiolated seedlings grown in dark for 7 d by TRIzol Reagent. RNA was treated with TURBO 
DNase and recovered with Agencourt RNAClean XP magnetic beads. The concentration was 
then determined using LabChip DS. The quality of RNA was examined by LabChip GXII 
(PerkinElmer) and samples with a quality score greater than 7.0 were used to construct RNA 
libraries. Libraries were constructed from 1 μg DNase-treated total RNA using Illumina TruSeq 
Stranded mRNA Library Prep Kit (Illumina, CA USA) followed by size selection (~280 bp) using 
AMPure XP Beads (Beckman Coulter). Quality control of RNA libraries was performed using 
LabChip GXII (PerkinElmer), followed by dilution of libraries to an equal concentration of 10 
nmol.L-1 and checking the concentration again using a Qubit DS DNA HS Assay Kit 
(ThermoFisher Scientific). Libraries were then pooled and pair-end sequenced by Illumina 
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HiSEQ2000. On average 15 million reads were obtained from sequencing each library and 
21,365-23,840 mRNA transcripts were identified. 
2.6.2 Data analysis 
After sequencing, quality control was performed with FASTQC v.0.11.2 (Andrews), adapters 
removed using scythe v.0.991 with flags -p 0.01 for the prior (Buffalo), reads quality trimmed 
with sickle v.1.33 with flags q 20 (quality threshold) -l 20 (minimum read length after trimming) 
(Najoshi), aligned to the Arabidopsis genome (TAIR10) using the subjunc v.1.4.6 aligner with -
u and -H flags to report only reads with a single, unambiguous best mapping location (Liao et 
al., 2014), and the number of reads mapping per gene was summarised using featureCounts 
v. 1.4.6 with flags -s 2, -P and -c to map reverse stranded and discard read pairs mapping to 
different chromosomes (Liao et al., 2014).  
Statistical testing for relative gene expression was performed in R using edgeR v.3.4.2 
(Robinson and Smyth, 2007, 2008; Robinson et al., 2010; Robinson and Oshlack, 2010; 
McCarthy et al., 2012), voom (Law et al., 2014) in the limma package 3.20.1 (Smyth, 2004, 
2005). Transcripts were considered differentially expressed where fold change greater than 2 
and FDR adjusted P < 0.05. The bioinformatics analysis pipeline from fastq to summarised 
counts per gene is available https:// github.com/pedrocrisp/NGS-pipelines. 
2.7 Quantitative reverse transcriptase polymerase chain 
reaction (qRT-PCR) 
Plant tissues were collected and snap-frozen in liquid nitrogen then physically disrupted by 
QIAGEN TissueLyser® at 25 sec-1 for 1 min. The total RNA was extracted from the fine powder 
of plant tissue using Spectrum™ Plant Total RNA kit (Sigma-Aldrich) included an on-column 
DNase I treatment according to the manufacturer’s protocol. Isolated samples were quantified 
using LabChip DS (PerkinElmer) prior to the cDNA synthesis. First strand cDNA synthesis was 
performed using 1 µg total RNA, Oligo dT18 primer and Transcriptor First Strand cDNA 
synthesis kit (Roche, Basel, Switzerland) according to manufacturer’s instructions. The relative 
transcript abundance was quantified using LightCycler 480 (Roche). The qRT-PCR was 
performed with mixture of 2 µL of primer mix (2 µM from each Forward and Reverse primer), 
1 µL 1/10 diluted cDNA template, 5 µL LightCycler 480 SYBR Green I Master mix and sterile 
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milli-Q water up to the total volume of 10 µL. For each sample, three technical replicates for 
each of one to three biological replicates were tested. The relative gene expression levels were 
calculated by using relative quantification (Target Eff Ct(Wt-target)/Reference Eff Ct(Wt-
target)) and fit point analysis (Pfaffl, 2001). Protein Phosphatase 2A (At1g13320) gene was 
used as house-keeper reference control for all experiments (Czechowski et al., 2005). In cases 
where absolute qualification is needed, cloning plasmids carrying wild type transcript or 
splicing variant is used as reference to generate a standard curve and optimize qPCR protocols. 
All primer sequences are listed in Table 2.3. 
2.8 Transmission electron microscopy 
Cotyledons from 5-d old etiolated seedlings were harvested in dim-green safe light and fixed 
overnight in primary fixation buffer (2.5% Glutaraldehyde, and 4% paraformaldehyde in 0.1 M 
phosphate buffer pH 7.2) under vacuum, post-fixed in 1% osmium tetraoxide for 1 h, followed 
by an ethanol series: 50%, 70%, 80%, 90%, 95% and 3 × 100% for 10 min each. After 
dehydration, samples were incubated in epon araldite (resin):ethanol at 1:2, 1:1 and 2:1 for 
30 min each, then 3 times in 100% resin for 2 h. Samples were then transferred to fresh resin 
and hardened under nitrogen stream at 60°C for 2 days, followed by sectioning of samples 
using Leica EM UC7 ultramicrotome (Leica Microsystems, Wetzlar, Germany). Sections were 
placed on copper grids, stained with 5% uranyl acetate, washed thoroughly with distilled water, 
dried, and imaged with H7100FA transmission electron microscope (Hitachi, Pleasanton, CA) 
at 100 kV. For each of the dark-grown-seedling samples, prolamellar bodies were counted 
from 12 fields on 3 grids. 
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Table 2.3 qRT-PCR primers used in this study. 
Name Sequence Description 
PSY145eFq 
PSY145eRq 
GGCAATCTACGGTAAGTTAC 
GCAACTGTATCAGCGAGA 
Forward and reverse primers for testing wild type PSY transcript without intron 3 (162bp) 
   
PSY145iFq 
PSY145iRq 
CCAATGGTTGAAGAGCTG 
CAGCTTCAACTTCTCTTG 
Forward and reverse primers for testing psy-145 splicing variant containing intron 3 (155bp) 
 
   
DET1-154Fq 
DET1-154Rq 
ATCTTCAGGGAGATTTGGAATGAA 
GGATGATGATCAGCACTTCTTGTT 
Forward and reverse primers for testing det1-154 splicing of exon 4 (194bp/125bp) 
   
PP2AFq 
PP2ARq 
CTTCGTGCAGTATCGCTTCTC 
ATTGGAGAGCTTGATTTGCG 
Forward and reverse primers for testing Protein Phosphatase 2A House Keeper 
   
PORAFq 
PORARq 
TTTCGGAGCAAAGCAAAGC 
TTTGTGACTGATGGAGTTGAAG 
Forward and reverse primers for testing gene encoding Protochlorophyllide Oxidoreductase A 
   
PORBFq 
PORBRq 
CCCTTCAAAGCGTCTCATC 
AATCTCCTCCATCAATCATAGC 
Forward and reverse primers for testing gene encoding Protochlorophyllide Oxidoreductase B 
   
PORCFq 
PORCRq 
ACCATCAAGGAACAGAGAAGAC 
CTAAACCTAAACCAGACGAAGC 
Forward and reverse primers for testing gene encoding Protochlorophyllide Oxidoreductase C 
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2.9 Protein localisation using green fluorescent protein (GFP) 
tagging 
2.9.1 Plasmid construction 
Full length coding regions of wild type Arabidopsis PSY protein, mutants identified in this study, 
reported Zea mays PSY variants ZmPSY1-N168T257, ZmPSY1-N168P257 (Shumskaya et al., 2012) 
and their equivalents in Arabidopsis AtPSY-N181T270 and AtPSY-N181P270 were chemically 
synthesized by Thermo Fisher Scientific and cloned into the intermediate vector pDONR221, 
followed by gateway cloning to pDEST15-CGFP vector (Gift from Professor James Whalen, La 
Trobe University) to construct pCGFP-AtPSY-WT, pCGFP-AtPSY4, pCGFP-AtPSY90, pCGFP-
AtPSY130, pCGFP-ZmPSY-NT, pCGFP-ZmPSY-NP, pCGFP-AtPSY-NT and pCGFP-AtPSY-NP. 
2.9.2 Protoplast isolation and transient expression of GFP-fusion PSY 
protein 
To isolate etiolated or green Arabidopsis protoplasts, 200 mg of etiolated or green cotyledons 
were harvested under green safe light and treated in a 9-mm Petri dish with an enzyme 
solution (0.5% cellulase, 0.05% pectinase, 600 mmol.L-1 mannitol, 10 mmol.L-1 CaCl2 and 20 
mmol.L-1 MES pH 5.6) at 21°C for 6 h with gentle shaking, followed by shaking vigorously for 3 
min. The protoplasts were collected through a 60-μm nylon filter and washed 3 times with 20 
mL cold washing buffer (600 mmol.L-1 mannitol, 10 mmol.L-1 CaCl2 and 20 mmol.L-1 MES pH 
5.6), by centrifugation at 120× g for 5 min and resuspending the pellet.  The number of 
protoplasts per mL was determined using a haemocytometer. In 150 µL of 600 mmol.L-1 
mannitol containing 10 mmol.L-1 CaCl2, 10 µg of one PSY-CGFP plasmid and equal amount of 
SSU-RFP plasmid (Gift from Dr. Yan Wang, La Trobe University) were both added to 106 
protoplasts and mixed gently for 5 s. Five hundred microliters of 40% polyethylene glycol 6000 
solution (in 500 mmol.L-1 mannitol and 100 mmol.L-1 Ca(NO3)2)  was added and the contents 
were mixed gently for 15 s, followed by dilution with 4.5 mL mannitol/MES solution (500 
mmol.L-1 mannitol, 15 mmol.L-1 MgCl2 and 0.1% MES pH 5.6) and incubation at 21°C  for 20 
min. The protoplasts were pelleted by centrifugation at 120× g and washed with 600 mmol.L-
1 mannitol and 10 mmol.L-1 CaCl2, followed by incubation for 16 h at 25°C in dark. The 
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protoplasts were subjected to confocal microscopy and western blot using isolated stromal 
and membrane fractions. 
2.9.3 Confocal microscopy 
The expression of PSY-GFP fusion proteins was visualised using Leica TCS SP2 Laser Scanning 
Confocal Microscope (Leica Microsystems) with an excitation at 460/480 nm and fluorescence 
was detected at 495 nm to 540 nm, while RFP was detected at 570 nm to 625 nm with the 
excitation at 535/555 nm. An HC PL APO 40x/1.10 water immersion objective was used for all 
images. 
2.10 In vitro and in vivo enzymatic assays of phytoene 
synthase 
2.10.1 Vector design 
Coding regions of wild type Arabidopsis PSY and mutants identified in this study were codon-
optimised and cloned into pRSETA (ThermoFisher Scientific) through restriction sites Xho I and 
EcoR I that were attached respectively to the 5’- and 3’-end of the chemically synthesized 
sequences. Following the prediction of chloroplast-targeting peptide of PSY on ChloroP 1.1 
Server (http://www.cbs.dtu.dk/services/ChloroP/), 55 codons at the 5’-end of PSY gene, 
exclusive of start codon, were deleted from the designed coding sequences. Codon 
optimisation was done using the GeneOptimizer portal of ThermoFisher Scientific 
https://www.thermofisher.com/au/en/home/life-science/cloning/gene-synthesis/geneart-
gene-synthesis/geneoptimizer.html). To facilitate the purification of recombinant PSY without 
additional tags, sequence “GAAAATCTGTATTTTCAGGGT” that encodes TEV protease (Tobacco 
Etch Virus nuclear-inclusion-a endopeptidase) was inserted between Xho I site and start codon. 
Chemical synthesis and cloning were carried out by ThermoFisher Scientific, and the plasmids 
were verified by sequencing and restriction enzyme digestion in our lab. pRSET-PSY-WT, pRSET-
PSY4, pRSET-PSY90 and pRSET-PSY130 were transformed to E. coli strain DH5α for propagation, 
followed by transforming BL21 (DE3) strain for the expression of recombinant PSY. 
2.10.2 Transformation 
Competent DH5α and BL21 (DE3) cells were made following a simplified protocol. E. coli 
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strains were streaked on LB plates containing no antibiotics and single colonies were 
inoculated in 5 mL of LB. Following an overnight culture at 37°C, cells were diluted by 100-fold 
in LB medium and cultured at 37°C with constant shaking at 250 rpm until OD600 reached 0.4-
0.6. The LB culture was incubated on ice for 20 min and cells were pelleted by centrifugation 
at 4,000× g for 10 min at 4°C. Cell pelleted were washed once with 1/2 volume of cold 100 
mmol.L-1 CaCl2 and resuspended in 1/100 volume of 100 mmol.L-1 CaCl2. The resuspended 
chemical competent cells in a 50-μL aliquot were then mix with 100 ng plasmid DNA and 
incubated on ice for 30 min, followed by heat shock at 42°C for 90 s and incubation on ice for 
2 min. The mix of competent cells and plasmid DNA was diluted by 500 μL LB medium and 
incubated at 37°C for 45 min. Cells (100 μL) were then spread on an LB plate containing 100 
mg.L-1 Ampicillin and incubated for 14 h at 37°C. Single colonies were inoculated and cultured 
overnight at 37°C for the extraction of plasmid DNA if in DH5α strain, or for the expression of 
recombinant PSY if in BL21 (DE3). 
2.10.3 Induction and verification of the expression of recombinant 
PSY protein 
For induction, overnight small cultures were diluted 100-fold in fresh LB medium containing 
100 mg.L-1 Ampicillin and grown at 37°C to mid-log phase (OD600=0.5-0.7). Induction was 
initiated by the addition of 0.5 mmol.L-1 IPTG (Isopropyl β-D-1-thiogalactopyranoside, final 
concentration) and constant shaking at 28°C. Cells were harvested after 4-h induction by 
centrifugation at 5,000× g and washed once in 1/2 culture volume of phosphate-buffered 
saline (PBS). Cells were resuspended in 1/20 culture volume of lysis buffer (100 mmol.L-1 
Tris.HCl pH 7.0, 5 mmol.L-1 EDTA, 5 mmol.L-1 DTT), and disrupted by lysozyme treatment (200 
mg.L-1 ) for 20 min at 30°C followed by sonication on ice (50-100 cycles of 10 s on /10 s off). 
The soluble and insoluble (inclusion body) fractions were separated by centrifugation at 
22,000× g for 1 h at 4°C, and the insoluble fraction was washed 3 times with 1/20 culture 
volume of wash buffer (100 mmol.L-1 Tris.HCl pH 7.0, 5 mmol.L-1 EDTA, 5 mmol.L-1 DTT, 
2mmol.L-1 urea and 2% w/v Triton X-100) and once with wash buffer without Triton X-100, 
centrifuging at 22,000× g for 30 min at 4°C to clarify the suspension. Recombinant PSY in the 
inclusion bodies was extracted from washed pellets using 1/100 culture volume of extraction 
buffer (50 mmol.L-1 Tris.HCl pH 7.0, 5 mmol.L-1 EDTA, 5 mmol.L-1 DTT and 8 mol.L-1 guanidine.HCl), 
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and was diluted by 5-fold before loaded to a Bolt 17-well 4% – 12% Bis-Tris Plus gel (Thermo 
Fisher Scientific). To examine the expression of recombinant PSY in both soluble fraction and 
inclusion bodies, 10 μL of each sample was mixed with equal volume of 2× LDS buffer and 
heated for 10 min at 70°C followed by incubation on ice for 3 min.  The gel was run for 42 min 
at 165 volt after 20 μL of each treated protein sample was loaded; gel was stained with 
GelCode Blue Safe Protein Stain (ThermoFisher Scientific) to visualise protein bands. 
2.10.4 Purification and identification of recombinant proteins from 
soluble fraction 
In a typical preparation of recombinant PSY protein from soluble fraction, E. coli cells were 
harvested following induction by centrifugation at 5,000× g. The pellets were washed with 
cold PBS and resuspended in 50 mL buffer A (50 mmol.L-1 NaH2PO4, 20 mmol.L-1 imidazole, 1 
mol.L-1 NaCl, pH 7.4), and lysed by lysozyme treatment and sonication on ice as described in 
the above section. After centrifugation at 22,000× g for 30 min at 4°C, the supernatant that 
contained the soluble fraction was loaded onto a Pierce 5-ml Ni-NTA column (ThermoFisher 
Scientific) that had been equilibrated with buffer A. The column was washed with 25 mL buffer 
A that contained 40 mmol.L-1 imidazole and then with buffer A that contained 60 mmol.L-1 
imidazole. Protein was eluted using an appropriate volume of buffer A that contained 200 
mmol.L-1 imidazole, 10 μL of which was subjected to gel electrophoresis (detailed above) and 
western blot with anti-PSY polyclonal antibody as per described in the corresponding section 
of this chapter. Buffer exchange to TEV digestion buffer (50 mmol.L-1 Tris.HCl pH 8.0, 150 
mmol.L-1 NaCl, 20 mmol.L-1 KCl, 2 mmol.L-1 β-mercaptoethanol) was carried out using a Pierce 
desalting spin column (ThermoFisher Scientific). The column was equilibrated with 400 μL TEV 
digestion buffer three times and 100 μL purified recombinant protein was loaded with 20 μL 
TEV digestion buffer to improve recovery percentage. Protein samples were collected by 
centrifuging the column at 1,500× g for 2 min. Protein samples were pooled after buffer 
exchange and concentration was determined using Bradford reagent (Bio-Rad), followed by 
digesting 500 μL of protein using TEV (TEV:protein = 1:8) at 4°C for 14 h. A Pierce 5-ml Ni-NTA 
column (ThermoFisher Scientific) was equilibrated with TEV digestion buffer and TEV-cleaved 
recombinant PSY was loaded, followed by eluting 4 times the recombinant protein with 100 
μL digestion buffer each. The concentration of TEV-cleaved and purified recombinant PSY 
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protein was determined again before in vitro enzymatic assays. 
2.10.5 In vitro activity assay of recombinant PSY 
Artificial chromosome pAC-GGPPipi, a gift from Dr. Nazia Nisar (Department of Agriculture 
and Water Resources) and propagated in our lab, was verified by restriction enzyme digestion 
and transformed to TOP 10 chemical competent cells as previously described in this chapter. 
After spreading the cells on LB plates containing 25 mg.L-1 chloramphenicol and incubation for 
14 h at 37°C followed by 6 d at room temperature, single colonies were inoculated to 20 mL 
chloramphenicol-containing LB medium and cultured at 28°C for 18 h  to synthesise GGPP in 
E. coli. The same colonies were also inoculated and cultured in LB medium with 25 mg.L-1 
chloramphenicol at 37°C for 14 h to extract artificial chromosome followed by verification. 
TOP 10 strain carrying pAC-PHYT was used as a positive control to verify the absorbance peek 
of phytoene in HPLC. 
Cells were harvested by centrifugation at 12,000× g for 10 min at 4°C, and 1 g of cells (wet 
weight) were resuspended in 2 mL of enzyme assay buffer (100 mmol.L-1 Tris.HCl pH 7.6, 10 
mmol.L-1 MgCl2, 2 mmol.L-1 MnCl2, 1mmol.L-1 3,3’,3’’-phosphanetriyltripropanoic acid, 20% 
v/v glycerol and 0.08% v/v Tween 80). Cells were lysed by sonication (20 cycles of 10 s on /10 
s off) on ice, followed by centrifugation at 20,000× g for 30 min at 4°C. To the supernatant 5 
μg of purified recombinant PSY protein was added, followed by incubation at 20°C in dark for 
20 min. At a 4-min interval, 200 μL aliquots were withdraw and the reaction was stopped by 
adding EDTA (500 mmol.L-1 stock pH 8.0) to a final concentration of 50 mmol.L-1. Assays were 
extracted by adding 260 μL carotenoid extraction buffer and partitioning phytoene into ethyl 
acetate phase. The extractions were dried under nitrogen stream in dark, resuspended in 100 
μL ethyl acetate and subjected to HPLC as described previously in this chapter. 
2.10.6 In vitro activity assay of endogenous Arabidopsis PSY  
The immunoprecipitation of endogenous PSY was performed using P-PER® Plant Protein 
Extraction Kit and Pierce Co-Immunoprecipitation kit (both from ThermoFisher Scientific) 
following manufacturer’s instructions and is summarised below. 
For total protein extraction, 160 mg leaf tissue from a 25-d old Arabidopsis plant grown under 
16-h photoperiod was homogenised in 3.5 mL P-PER® Working Solution containing 20 μL 
Halt™ Protease Inhibitor Cocktail (ThermoFisher Scientific). Following centrifugation at 3,500× 
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g for 5 min, the lower aqueous layer containing total protein was recovered for the 
immunoprecipitation of PSY which is described in the corresponding sections in this chapter. 
Five micrograms of endogenous PSY co-immunoprecipitate (with binding proteins) was 
subjected to enzymatic activity assay as described in the above section for recombinant PSY. 
2.10.7 In vivo PSY activity assay 
In vivo PSY activity was examining by measuring phytoene levels in norflurazon-treated 
Arabidopsis SDC. Generation of SDC and HPLC analysis were carried out as previously 
described in this chapter. 
2.11 Split Ubiquitin System 
Split-ubiquitin and β-galactosidase activity assays were carried out at our collaborators’ lab 
(Prof. Ralf Welsch) The cDNA sequences of wild type AtPSY gene and mutants were amplified 
from constructs pCGFP-AtPSY-WT, pCGFP-AtPSY4, pCGFP-AtPSY90 and pCGFP-AtPSY130 by 
PCR using Phusion proof-reading polymerase (New England Biolabs) and the primers listed in 
Table 2.2. Coding sequences were truncated and the 56 codons encoding a predicted 
chloroplast-targeting signal were deleted from the 5’-end of PSY gene. The cDNA sequences 
of Arabidopsis OR and GGPS11 genes were designed (with chloroplast-targeting peptides 
removed) and amplified at our collaborators’ lab. The truncated cDNA sequences of AtPSY, 
AtOR and AtGGPPS11 were cloned to make Cub- or Nub-fusion constructs which were then 
transformed into yeast strain THY.AP5 (Cub) or THY.AP4 (Nub). Yeast strains carrying Cub 
fusions were mated with strains carrying Cub fusions and the resulting diploid cells were 
grown on synthetic complete medium lacking leucine and tryptophane (-LW). Interaction 
growth tests were performed with overnight cultures spotted on fully selective medium (-
LWAH), in a series of 1:10 dilutions with a starting OD600 of 2 after grown for about 2 d at 29°C. 
To reduce background activation of reporter genes and visualize different interaction 
strengths, methionine was added to the medium suppressing the expression of Cub-fusion 
proteins (+Met; 150 μmol.L-1 and 1 mmol.L-1). Control combinations with empty Cub- or Nub-
expressing vectors were included in the experiments. 
For β-galactosidase activity assays, yeast cells were pelleted from 250 μL overnight culture in 
complete medium and resuspended in 650 μL assay buffer (100 mmol.L-1 HEPES.KOH pH 7.0, 
150 mmol.L-1 NaCl, 2 mmol.L-1 MgCl2, and 1% w/v BSA), followed by  adding 50 μL chloroform 
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and 50 μL 0.1% (w/v) SDS and vortex for 1 min. Enzymatic reactions were started by adding 
125 μL of 4 mg.mL-1 ortho-nitrophenyl-β-galactoside in the assay buffer. Following an 
incubation at 30°C until the mixture turned visibly yellow, reactions were stopped by adding 
400 μL of 1 mol.L-1 Na2CO3. Reactions were then centrifuged for 5 min at 20,000× g and OD420 
was measured to determine the concentration of ortho-nitrophenol (oNP) in the supernatant. 
Β-galactosidase activity was calculated as nmol oNP.min-1.OD600-1, using the molar extinction 
coefficient:oNP = 3300 g.L-1.mol-1. All β-galactosidase activity assays were performed in 
triplicate. 
2.12 Western blot, immunoprecipitation and enzyme-linked 
immunosorbent assay 
2.12.1 Isolation of stromal and membrane fractions from Arabidopsis 
etioplasts  
Two hundred micrograms of etiolated Arabidopsis seedlings (7-d old) were ground manually 
using a sterile plastic mini-pestle in a 5-mL Eppendorf tube with 1.2 mL isolation buffer (330 
mmol.L-1 D-sorbitol, 20 mmol.L-1 MOPS, 13 mmol.L-1 Tris, 3 mmol MgCl2 and 0.1% w/v BSA, 
pH 7.5). One gram of homogenised seedlings were combined and filtered through 40-micron 
nylon mesh (Shanghai Blotting Cloth, Shanghai China). The homogenate was centrifuged at 
room temperature for 1 min at 250× g, followed by centrifugation at 4°C for 7 min at 2,000× 
g. To isolate intact etioplasts, the pellet was resuspended in 10 mL isolation buffer and layered 
on 40% (w/v) Percoll® (Sigma-Aldrich) followed by centrifugation at 2,000× g for 5 min at 4°C. 
The Percoll® layer was removed and the etioplast pellet was washed twice with 5 mL isolation 
buffer. Etiolated protoplasts transiently expressing PSY-GFP fusion proteins were also 
resuspended in 10 mL isolation buffer following the same protocol to isolate intact etioplasts. 
Etioplasts were then resuspended in 600 µL hypotonic buffer containing 10 mmol.L-1 Tris.HCl 
pH 7.0 and 4 mmol.L-1 MgCl2 by vortex for 30 s and then centrifuged at 12,000× g for 10 min. 
The pellet (total membranes) was resuspended in 600 µL µL hypotonic buffer; 10 µL 
supernatant (stroma) or 10 µL resuspended membranes was treated with equal volume of 2× 
LDS buffer and subjected to denatured protein gel electrophoresis, followed by western blot 
using anti-PSY or anti-GFP antibody. 
-78- 
 
For isolation of protothylakoids from PLBs, etioplasts were isolated as described above and 
resuspended in 5 mL hypotonic buffer for a 10-min lysis on ice. PLBs were pelleted through 
centrifugation at 3,000× g for 15 min at 4°C and resuspended in 5 mL hypotonic buffer. 
Following an ultrasonic bath treatment (Model Fx 10, Unisonics, NSW Australia) for 3× 3 min 
with 1-min intervals on ice, the suspension was layered on a sucrose step gradient (15 mL of 
1 mol.L-1 sucrose under 10 mL of 600 mmol.L-1 sucrose in hypotonic buffer) and centrifuged 
at 4°C for 3 h at 75,000× g. Protothylakoids accumulating at the interface of the gradient were 
collected, diluted with equal volume of hypotonic buffer and concentrated by 
ultracentrifugation at 125,000× g for 1 h at 4°C; the protothylakoids which pelleted below the 
gradient were harvested and combined with the fraction collected from the interface. The 
combined protothylakoid fractions were resuspended in 600 µL hypotonic buffer and 10 µL of 
each sample was used for western blot. 
2.12.2 Protein extraction and western blot 
Fifty to one hundred milligrams of etiolated Arabidopsis seedlings (7-d old) were harvested 
under dim-green safe light and frozen in liquid nitrogen; around 100 mg green leaf tissues of 
25-d old plants were harvested under normal light and frozen in liquid nitrogen. Tissues were 
ground to fine powder using a QIAGEN TissueLyser® at 25 sec-1 for 1 min. Total protein was 
extracted by adding 1 mL extraction solution (10% Trichloroacetic acid, TCA and 0.07% 
Dithiothreitol, DTT in 100% Acetone) and incubating at -80°C overnight. Protein pellets formed 
by centrifugation at 15,000× g and 4°C for 15 min were washed twice using Acetone contain 
0.07% DTT. Pellets were re-suspended in 100 µL – 200 µL solubilisation buffer (9 mol.L-1 Urea, 
4% CHAPS, 1% DTT and 35 mmol.L-1 Tris Base), sonicated and incubated at room temperature 
overnight. Samples were centrifuged at 15,000× g and room temperature for 15 min and the 
concentration of protein in supernatant was measured using Bradford reagent (Bio-Rad). 
The concentration of protein in each sample was adjusted to 2 µg.µL-1 by mixing with 
solubilisation buffer. For western blot using anti-POR antibody (Agrisera Antibodies, Vännäs 
SWEDEN, AS05067), 5 µg total protein of each sample was heated for 10 min at 70°C in 1× LDS 
buffer (Thermo Fisher Scientific) and loaded to a Bolt 17-well 4% – 12% Bis-Tris Plus gel 
(Thermo Fisher Scientific); to examine DET1 protein levels using western blot, 10 µg total 
protein of each sample was loaded to the gel; to examine recombinant PSY protein from E. 
coli cell lysates, endogenous PSY from stromal or membrane fractions of Arabidopsis 
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etioplasts or PSY-GFP fusion protein transiently expressed in etioplasts, 10 µL of each sample 
was used for gel electrophoresis; to examine endogenous PSY or OR protein levels in 
Arabidopsis leaf tissues, 10 µg total protein of each sample was used for gel electrophoresis; 
to detect OR protein from co-immunoprecipitation, 10 µL of PSY co-immunoprecipitate was 
loaded to the gel. The gel was run for 38 min at 165 volt and proteins were transfer to a PVDF 
membrane (Bio-Rad) using a Bio-Rad Trans-Blot® Turbo™ Transfer System. PVDF membranes 
were blocked in 1× TBST buffer containing 5% skim milk powder at 4°C overnight, and then 
incubated with anti-POR polyclonal antibody (1:2000), anti-PSY polyclonal antibody (1:1000, 
Agrisera Antibodies AS163991), anti-OR polyclonal antibody (1:1000, gift from Prof. Li Li, 
College of Agriculture and Life Sciences, Cornell University) or anti-GFP polyclonal antibody 
(1:2500, Agrisera Antibodies AS152987) for 2 h at room temperature. Before an overnight 
incubation of a PVDF membrane with anti-DET1 polyclonal antibody (1:1000, Agrisera 
Antibodies AS153082), the membrane was blocked at room temperature for 2 h. PVDF 
membranes were then washed 3 × 10 min at room temperature with 20 ml of 1× TBST buffer 
and incubated with HRP-conjugated Goat anti-Rabbit IgG (1:2500, Agrisera Antibodies 
AS09602) at room temperature for 90 min. The membranes were washed another 3 times and 
covered by 1.5 mL of ECL™ Prime Western Blotting Detection Reagent (GE Healthcare Life 
Sciences, PA USA). Following an incubation of 5 min in dark, the membranes were subjected 
to a FUSION Pulse Chemiluminescence/ Fluorescence Imaging System (Fisher Biotech, WA 
Australia) to visualize and record the bands. As an internal reference to examine proteins 
attracted from Arabidopsis plants, PVDF membranes were re-probed using anti-Actin 
polyclonal antibody (1:3000, Agrisera Antibodies AS132640) and HRP-conjugated Goat anti-
Rabbit IgG (1:2500, Agrisera Antibodies), followed by visualization of the bands. Semi-
quantification of bands from western blot was performed using Image J (Schneider et al., 
2012). 
2.12.3 Immunoprecipitation and co-immunoprecipitation 
Immunoprecipitation was performed with Pierce Co-Immunoprecipitation Kit (ThermoFisher 
Scientific), according to the manufacturer’s instructions. Briefly, 20 µg of anti-PSY antibody in 
200 µL 1× coupling buffer was coupled to 50 µL of AminoLink Plus coupling resin by adding 3 
µL sodium cyanoborohydride solution and incubating the reaction on a rotator at room 
temperature for 2 h. The resin was washed with 200 µL 1× coupling buffer followed by 200 µL 
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quenching buffer. Another 3 µL sodium cyanoborohydride solution and 200 µL quenching 
buffer were added to the resin and incubated for 15 min. The resin was then washed twice 
with 200 µL 1× coupling buffer and 6 times with 150 µL washing solution.  
About 2 mL of total protein extracted from 160 mg Arabidopsis leaf tissue were pre-cleared 
with 160 µL of control agarose resin and then incubated with 50 µL antibody-coupled 
AminoLink Plus resin overnight at 4°C. Three to four 500-µL aliquots were loaded onto a spin 
column one by one and centrifuged at 1000× g for 1 min. The column was washed 3 times 
with 200 µL wash buffer and proteins were eluted with 100 µL elution buffer, followed by 
adding 5 µL of 1 mol.L-1 Tris (pH 9.5) to neutralise the eluent. Immunoprecipitation with 
normal rabbit IgG (Agrisera Antibodies AS101545) was included as a negative control for the 
specificity of anti-PSY antibody. 
2.12.4 Enzyme-linked immunosorbent assay 
All enzyme-linked immunosorbent assays (ELISAs) were carried out in Clear Flat-Bottom 
Immuno 96-well plates (ThermoFisher Scientific Catalog# 655061), and to each well all 
reagents were added at a volume of 50 µL. Plates were coated with Arabidopsis total protein 
(20 µg.mL-1) diluted in carbonate buffer (pH 9.6) at 4°C overnight, followed by washing the 
plates 3 times with PBST (PBS with 0.05% v/v Triton X-100, pH 7.4). Plates were then blocked 
for 1 h at room temperature with 5% skim milk powder in PBS-TY buffer (PBS with 0.05% v/v 
Triton X-100 and 1% w/v yeast extract, pH7.4) followed by washing the plates 3 times with 
PBST. Plates were then incubated with anti-PSY (1 µg.mL-1, Agrisera Antibodies AS163991) or 
anti-OR (1 µg.mL-1, gift from Prof. Li Li), washed and incubated with HRP-conjugated Goat anti-
Rabbit IgG (0.4 µg.mL-1, Agrisera Antibodies AS09602). All antibodies were diluted in PBS-TY 
buffer and all incubations were performed at 37°C for 1 h. After each incubation, plates were 
washed 3 times with PBST by shaking at 150 rpm for 5 min at room temperature. 
 After antibody incubations and washing the plates, substrate solution containing 0.5 mg.mL-
1 O-phenylenediamine dihydrochloride (Sigma-Aldrich) in phosphate-citrate buffer (pH 5.0) 
and 0.02% (v/v) H2O2 was added and incubated for 5 min at room temperature. The reactions 
were stopped with 50 μL of 2mol.L-1 H2SO4, and the absorbance at 492 nm was measured on 
a TECAN M1000PRO plate reader (Tecan Group). Solubilisation buffer diluted in carbonate 
buffer was used as blank control and a serial dilution of purified recombinant PSY protein in 
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carbonate buffer was used as positive control. All ELISAs were done in triplicates.  
2.13 Statistical analysis 
Analysis of variance (ANOVA) was performed to test for significant (P < 0.05) differences 
between three or more sample groups and one-way ANOVA was used for a single independent 
variable. In cases where two independent variables were involved in the analyses, two-way 
ANOVA was carried out. In ANOVA analyses, post-hoc Tukey’s Honestly Significant Difference 
(HSD) tests were also performed and Tukey groups were generated. Sigma Plot version 11.0 
(Systat Software, IL USA) or SPSS version 22.0 (IBM Software, NY USA) was used for statistical 
analyses in the present study. 
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Chapter 3: Identification of genes regulating plastid 
development in the ccr2 mutant 
3.1 Introduction 
Depending upon the environment, the developmental program that a newly germinated seedling 
adopts can be skotomorphogenesis in the dark or photomorphogenesis in the light. Young 
seedlings undergoing skotomorphogenesis have elongated hypocotyls, unopened apical hooks 
and closed cotyledons (Josse and Halliday, 2008) (Figure 3.1A). Phytochrome interacting factors 
(PIFs) accumulate in dark and promote skotomorphogenesis by regulating around 10% of gene in 
the genome, including the repression of photosynthesis associated nuclear genes (PhANGs) 
(Leivar et al., 2008; Leivar and Monte, 2014). HY5, a positive regulator of photomorphogenesis, 
is degraded by COP1 associated with CCD complex (COP10/DET1/DDB1) in dark and hence 
photomorphogenic development is repressed (Osterlund et al., 2000b; Osterlund et al., 2000a; 
Saijo et al., 2003) (Figure 3.1B). In the cotyledons of a dark-grown seedling, proplastids 
differentiate into etioplasts which exhibit a characteristic paracrystalline membrane structure 
known as prolamellar body (PLB) (Solymosi and Schoefs, 2010; Pogson and Albrecht, 2011). PLBs 
contain protochlorophyllide (Pchlide), a precursor of chlorophyll bound to protochlorophyllide 
oxidoreductase (POR), NADPH, lipids, a few proteins and usually two carotenoids: violaxanthin 
and lutein that are essential for photoprotection and light harvesting in a “future” chloroplast 
(Pogson and Albrecht, 2011).  
Upon illumination, etiolated seedlings proceed with photomorphogenesis (or deetiolation) and 
the apical hook and cotyledons are opened (Figure 3.1A) (Pogson and Albrecht, 2011; Rudowska 
et al., 2012). COP1 and PIFs are deactivated in light through interaction with active phytochrome 
B (phytochrome B-Pfr) (Yi and Deng, 2005; Leivar et al., 2008) and HY5 promotes 
photomorphogenic development by positively regulating PhANGs (Lee et al., 2007) (Figure 3.1B). 
During photomorphogenesis, etioplasts differentiate into chloroplasts and the membrane 
structures of PLBs are transformed into grana and stroma thylakoids (Adam et al., 2011). 
Alternatively, a proplastid directly differentiates into a chloroplast in the light (Sakamoto et al., 
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2008). In angiosperms, light induces the enzyme activity of POR that converts Pchlide to 
chlorophyllide a, which is subsequently converted to chlorophyll a and b (Forreiter and Apel, 
1993). Due to up-regulation of PhANGs, proteins involved in photosynthesis, especially thylakoid 
proteins, are rapidly synthesized upon illumination (von Zychlinski et al., 2005; Kleffmann et al., 
2007), and a coordination between the biosynthesis of pigments and the import of pigment-
binding proteins is required for the formation of photosynthetic complexes on thylakoids. Hence, 
the biosynthesis of carotenoids and chlorophylls is tightly regulated during chloroplast 
development as they are essential for the assembly of photosynthetic system and 
photoprotection. 
Plastid development is largely under nuclear control which is referred to as anterograde control 
(Leon et al., 1998; Richly and Leister, 2004; Cui et al., 2006). However, the coordination of plastid 
development and gene expression is also mediated by retrograde control, in which the signals 
produced in a plastid are transduced to nucleus and regulate nuclear gene expression (Woodson 
and Chory, 2008; Pogson and Albrecht, 2011; Estavillo et al., 2012; Chi et al., 2013; Chan et al., 
2016). Carotenoids are essential components of a PLB during skotomorphogenesis and protect a 
newly generated chloroplast from being photo-bleached once a seedling is switched to 
photomorphogenic development. It has hence been hypothesized that carotenoids or their 
derivatives can trigger retrograde signals, regulating plastid development and fine-tuning 
carotenoid biosynthesis (Hou et al., 2016) (Figure 3.2). Although in recent studies, apocarotenoids, 
the cleavage products of carotenoids, were found to regulate leaf and root development and act 
as photooxidative stress signals (Ramel et al., 2012; Avendano-Vazquez et al., 2014; Van Norman 
et al., 2014), the regulatory roles of apocarotenoids in plastid development have remained 
unclear.  
The ccr2 (carotenoid and chloroplast regulation 2) mutant displays altered skotomorphogenesis 
and all etioplasts contain no PLB in dark-grown seedlings. Consequently, the seedlings show 
delayed greening when illuminated. While ccr2 plants grown under 16-h photoperiod are green, 
newly emerged leaf tissues from ccr2 plants grown under 8-h photoperiod contain impaired 
chloroplasts and display a distinctive yellowing phenotype, indicating altered  
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Figure 3.1 Plant development and regulation of gene expression in dark and light. A. Plants accumulate carotenoids but not chlorophylls in dark, 
consequently the cotyledons display a yellow colour. Wilde type Arabidopsis seedlings (WT) grown in dark have elongated hypocotyl, unopened apical 
hook and closed cotyledons, while a det1 mutant has short hypocotyl, opened apical hook and opened cotyledons. In light, a wild type Arabidopsis 
seedling synthesizes chlorophylls and has short hypocotyl, no apical hook and opened cotyledons. B. In dark, the CDD complex (COP10/DET1/DDB1) 
aids in COP1-mediated degradation of HY5 and PIFs repress the expression of PhANGs (photosynthesis associated nuclear genes) by its promoter-binding 
activity. In light, phytochrome B is activated to Pfr form that deactivates the CCD complex and interacts with PIFs. Following light activation of 
phytochrome B, PIFs are phosphorylated and targeted for proteolytic degradation. HY5 promotes photomorphogenesis by positively regulating PhANGs.
B 
WT         det1  
 
WT 
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Figure 3.2 A schematic model speculates that carotenoids may trigger retrograde signals 
modulating photosynthesis associated nuclear genes (PhANGs) expression and subsequently 
regulating chloroplast development. 
photomorphogenesis (Park et al., 2002). Due to loss of function of carotenoid isomerase (CRTISO), 
ccr2 accumulates cis-configured carotenoids (Park et al., 2002), which suggests the mutant to be 
a model in studying the functions of carotenoid-derived signals in plastid development. 
To elucidate the carotenoid-derived retrograde signals that regulate plastid development, we 
performed forward genetics study in which 180 EMS mutant lines were generated in a ccr2 
background and 26 of them reverted the ccr2 leaf yellowing phenotype under 8-h photoperiod. 
The revertants of ccr2 were named as rccr2 lines. We then performed Next-Generation 
Sequencing (NGS) of the 26 rccr2 lines to identify the causal mutations in each line and studied 
the functions of mutated genes which link carotenoid-derived signals to plastid development. 
3.2 Results 
3.2.1 Phenotypes of the ccr2 mutant 
In comparison to wild type Arabidopsis plants (WT), the ccr2 mutant showed a distinctive 
yellowing phenotype in newly developed leaf tissue undergoing cell differentiation when it is 
grown under a short 8-h photoperiod (Figure 3.3A). The leaf-yellowing phenotype was 
reproduced by shifting 3-week old ccr2 plants from a 16-h photoperiod to 8 h (Figure 3.3B). While 
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the newly emerged leaf tissue remained yellow, the mature leaf sectors of ccr2 appeared green. 
Irrespective of photoperiods and shifts, the rosette leafs from WT were green (Figure 3.3A and 
B). The percentage of yellow leaf area in a ccr2 plant was about 12-fold higher than WT when 
measured using the Scanalyzer imaging system (Figure 3.4A).  Accordingly, the total chlorophyll 
level in the yellow sectors of ccr2 leaves was reduced by more than 2-fold compared to WT rosette 
leaves, while that in the mature green leaves of ccr2 displayed no significant difference to WT 
(Figure 3.4B). Consistent with the reduction of chlorophyll levels in ccr2 yellow leaf (YL) sectors, 
total carotenoid content was significantly reduced due to lower levels of neoxanthin, lutein and 
β-carotene, although antheraxanthin and zeaxanthin were increased. In the mature green leaves 
(GL) of ccr2, total carotenoid content was about 2-fold higher than in YL; in both YL and GL of ccr2, 
lutein levels were significantly lower than in WT leaves, which was identified as another typical 
ccr2 phenotype in addition to leaf yellowing (Table 3.1 and Figure 3.5). In ccr2 YL, transmission 
electron microscopy (TEM) showed abnormal chloroplasts lack thylakoid and grana stacks, 
indicating impaired plastid membrane structures in comparison to that in WT rosette leaves (see 
Figure 4.1E in Chapter 4). Reportedly the cotyledon greening of ccr2 is delayed in comparison to 
WT (Park et al., 2002), etiolated Arabidopsis seedlings were hence exposed to continuous white 
light (80 μmol.m-2.s-1) and chlorophyll levels were measured at 12-h intervals after illumination. 
Compared to WT seedlings, ccr2 displayed severely reduced chlorophyll biosynthesis (Figure 3.6, 
data shown at 24-h intervals) and its total chlorophyll content was only about 50% of WT level 
after 72 h of illumination. A G-A mutation in crtiso gene leads to loss-of-function of carotenoid 
isomerase (CRTISO) in ccr2 (Park et al., 2002), and consequently the accumulation of cis-
carotenoids that are synthesized upstream of CRTISO in the carotenogenic pathway was observed 
in etiolated seedlings using HPLC analyses, whereas none of these cis-isomers was detectable in 
WT seedlings (Table 3.2). 
Compared to WT, ccr2 also displayed terminated primary floral meristem and altered floral 
architecture, producing a stunted floral architecture that failed to produce healthy siliques with 
viable seed (Figure 3.7A and B), and the root length of ccr2 is also severely reduced (Figure 3.8) 
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3.2.2 Characterization of revertants of ccr2 (rccr2) 
To elucidate the nature of the speculated carotenoid-derived retrograde signals in ccr2 that lead 
to impaired plastid development, a forward genetic screen was performed by growing the M2 
generation seedlings of EMS-mutagenized ccr2 under a 10-h photoperiod and 26 clear revertants 
of ccr2 (rccr2) were identified. All 26 rccr2 lines showed a complete reversion of the leaf yellowing 
phenotype of ccr2 under a 10-h photoperiod and displayed newly emerged green leaves similar 
in colour to that of WT (Figure 3.4A).  
Consistent with the greening in newly emerged leaf tissues, the chlorophyll content of all rccr2 
lines was similar to WT (Figure 3.4B). Although in most rccr2 lines the biosynthesis of chlorophyll 
during cotyledon greening showed no significant differences to WT, 6 lines displayed delayed 
greening which resembled ccr2 (Figure 3.6), suggesting that in those lines only leaf greening but 
not cotyledon greening was restored. Leaf tissues of all rccr2 lines contained reduced lutein 
(Figure 3.5) and a total carotenoid level similar to GL of ccr2, although individual carotenoid levels 
varied (Table 3.1 and discussed in 3.3); the cis-carotenoid profiles of rccr24, rccr274, rccr290, 
rccr2130, rccr2145, rccr2154 and rccr2155 were altered when compared to ccr2 (Table 3.2), indicating 
that carotenoid biosynthesis was affected by the EMS-introduced mutations in those rccr2 lines, 
whereas the rest 19 lines possessed similar cis-carotenoid profiles to ccr2. None of the 26 rccr2 
lines reverted floral meristem termination and reduced root length that were observed in ccr2 
(Figures 3.7B and 3.8). In summary, all rccr2 lines showed reversion in the leaf-yellowing 
phenotype normally displayed by ccr2 plants grown under a shorter photoperiod, and all but a 
few rccr2 lines showed normal cotyledon greening following deetiolation. Therefore, our rccr2 
screen specifically targeted phenotypes related to plastid development, and not root or 
reproductive development. 
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Figure 3.3 The ccr2 mutant has a yellowing phenotype in newly emerged leaf tissues. A. Three-
week old WT and ccr2 plants growing under an 8-h photoperiod. In ccr2, newly formed leaf tissues 
are yellow (YL, yellow circle) and mature leaf tissues are green (GL, green circle). B. Three-week 
old plants were shifted from 16-h to 8-h photoperiod for one week. Irrespective of photoperiod 
and shifts, WT has green true leaves. 
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Figure 3.4A 
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Figure 3.4B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 The ccr2 mutant has increased yellow leaf area and reduced leaf chlorophyll content compared to WT, and rccr2 (revertant 
of ccr2) lines reverted the phenotypes. All plants were grown under an 8-h photoperiod.  A. Percentage of yellow leaf area of WT, ccr2 
and all rccr2 lines. rccr2 is abbreviated to “r” in the charts, e.g. r4 is the abbreviation of rccr24. B. Total chlorophyll in leaf tissue of WT, 
ccr2 and all rccr2 lines, showing that chlorophyll content is significantly reduced in ccr2 yellow leaf tissue. Values were averaged from 
five biological replicates and error bars denote standard error. * P<0.05 in one-way ANOVA. 
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Table 3.1 Carotenoid levels (µg.gFW-1) in the leaves of WT, ccr2 and rccr2 lines grown under an 8-h photoperiod 
Continue Table 3.1 
 rccr290 rccr298 rccr2108 rccr2109 rccr2110 rccr2111 rccr2122 rccr2128 rccr2129 rccr2130 rccr2141 rccr2145 rccr2148 rccr2154 rccr2155 
Neo 29.29 b ±1.47 
29.87 b 
±1.66 
25.74 b 
±1.52 
26.54 b 
±2.12 
25.78 b 
±1.94 
24.96 b 
±1.76 
27.45 b 
±1.87 
26.48 b 
±1.26 
26.52 b 
±1.55 
28.65 b 
±2.00 
26.34 b 
±1.72 
27.50 b 
±1.84 
25.63 b 
±1.32 
25.02 b 
±1.25 
28.15 b 
±1.49 
Viol 62.53 b ±4.33 
61.64 b 
±5.15 
63.18 b 
±3.82 
62.73 b 
±4.51 
64.53 b 
±3.09 
67.58 b 
±3.77 
68.25 b 
±4.02 
62.16 b 
±4.81 
68.79 b 
±3.97 
72.23bc 
±5.30 
68.31 b 
±4.02 
61.75 b 
±4.74 
78.06cd 
±5.69 
48.17 a 
±3.68 
64.27 b 
±4.62 
Anth 16.24cd ±1.18 
12.65c 
±0.63 
15.65cd 
±0.87 
15.42cd 
±1.22 
20.05 d 
±1.85 
15.27cd 
±0.84 
10.34 c 
±0.61 
11.09 c 
±0.76 
9.88 bc 
±0.63 
21.11 d 
±1.86 
16.19cd 
±1.20 
14.73cd 
±0.78 
13.86bd 
±0.87 
7.88 ac 
±0.39 
16.82cd 
±1.14 
Lut 42.51 c ±3.45 
48.52 c 
±3.17 
46.76 c 
±2.98 
42.15 c 
±3.56 
43.58 c 
±3.41 
39.56 c 
±2.58 
44.34 c 
±2.25 
45.38 c 
±3.50 
46.23 c 
±2.79 
34.85bc 
±2.87 
40.05 c 
±3.41 
33.69bc 
±3.28 
34.57bc 
±2.04 
41.81 c 
±3.66 
43.43 c 
±3.62 
Zea 3.78 cd ±0.24 
1.69 bc 
±0.12 
2.27 c 
±0.16 
1.12 b 
±0.09 
1.10 b 
±0.08 
4.62 d 
±0.17 
2.18 c 
±0.17 
2.83 cd 
±0.14 
2.27 c 
±0.13 
4.45 d 
±0.35 
5.24 de 
±0.36 
4.46 d 
±0.28 
4.54 d 
±0.36 
1.46 bc 
±0.09 
0.91 b 
±0.03 
β-Car 59.99 d ±3.78 
66.91 d 
±4.85 
57.83cd 
±4.16 
63.36 d 
±4.79 
57.56cd 
±3.56 
63.20 d 
±4.23 
60.77 d 
±5.78 
54.56bd 
±4.03 
58.94cd 
±3.52 
64.39 d 
±3.71 
55.77bd 
±2.90 
60.01 d 
±4.32 
56.79cd 
±4.07 
73.59 e 
±5.64 
58.79cd 
±2.65 
Total 214.34b ±14.45 
221.28b 
±15.58 
211.43b 
±13.51 
211.32b 
±16.29 
212.60b 
±13.93 
215.19b 
±13.35 
213.33b 
±14.70 
202.50b 
±14.50 
212.63b 
±12.59 
225.68b 
±16.09 
211.90b 
±13.61 
202.14b 
±15.24 
213.45b 
±14.35 
197.93b 
±14.71 
212.37b 
±13.55 
Neo: Neoxanthin; Viol: Violaxanthin; Anth: Antheraxanthin; Lut: Lutein; Zea: Zeaxanthin; β-Car: β-Carotene. Letters denote post-hoc 
Tukey groups from a one-way ANOVA test.
 WT ccr2 (YL) 
ccr2 
(GL) rccr2
4 rccr25 rccr29 rccr214 rccr225 rccr247 rccr259 rccr260 rccr274 rccr278 rccr289 
Neo 30.63 b ±2.54 
12.58 a 
±0.92  
27.60 b 
±2.96 
28.45 b 
±1.79 
27.00 b 
±2.23 
28.25 b 
±1.56 
28.59 b 
±2.27 
28.32 b 
±2.69 
25.82 b 
±1.37 
26.98 b 
±1.65 
24.52 b 
±1.46 
25.88 b 
±2.14 
29.85 b 
±1.98 
27.38 b 
±1.84 
Viol 45.57 a ±3.61 
42.39 a 
±2.86 
66.92 b  
±5.54 
65.17 b 
±3.67 
67.14 b 
±4.82 
65.33 b 
±6.02 
70.62 b 
±4.62 
64.79 b 
±3.99 
62.57 b 
±4.15 
68.26 b 
±4.20 
62.73 b 
±5.18 
64.52 b 
±3.76 
85.93 d 
±6.73 
82.50cd 
±5.22 
Anth 1.92 a ±0.09 
11.68 c 
±1.07 
10.51 c 
±0.64 
11.08 c 
±0.73 
12.45 c 
±0.81 
11.01 c 
±0.75 
17.81cd 
±1.43 
11.28 c 
±1.02 
15.69cd 
±1.16 
11.90 c 
±0.89 
11.64 c 
±0.73 
11.26 c 
±1.04 
9.15bc 
±0.61 
9.89bc 
±0.58 
Lut 113.60d ±9.52 
23.86 a 
±1.96 
42.60 c 
±3.78 
43.86 c 
±2.89 
39.78 c 
±2.13 
41.57 c 
±3.79 
33.65bc 
±2.22 
40.63 c 
±3.64 
42.56 c 
±3.51 
39.84 c 
±1.90 
40.70 c 
±3.05 
47.63 c 
±3.37 
45.62 c 
±2.96 
43.76 c 
±2.76 
Zea 0.00 a ±0.00 
5.68 e 
±0.32 
2.27 c 
±0.18 
2.09 c 
±0.16 
3.96 cd 
±0.21 
2.99 cd 
±0.20 
4.54 d 
±0.40 
2.32 c 
±0.15 
2.65 c 
±0.17 
2.19 c 
±0.18 
2.11 c 
±0.18 
2.54 c 
±0.14 
6.32 e 
±0.36 
4.08 d 
±0.30 
β-Car 64.32 d ±4.34 
21.44 a 
±1.73 
61.64 d 
±4.27 
67.42de 
±3.46 
60.27 d 
±4.02 
62.54 d 
±3.85 
52.43bd 
±4.23 
62.25 d 
±3.05 
61.83 d 
±4.19 
60.76 d 
±4.56 
58.04cd 
±5.10 
58.27cd 
±2.89 
46.23 b 
±2.02 
45.67 b 
±3.61 
Total 256.04b ±20.10 
117.63a 
±8.86 
211.54b 
±17.37 
218.07b 
±12.70 
210.60b 
±14.22 
211.69b 
±16.17 
207.64b 
±15.17 
209.59b 
±14.54 
211.12b 
±14.55 
209.93b 
±13.38 
199.74b 
±15.70 
210.10b 
±13.34 
223.10b 
±14.66 
213.28b 
±14.31 
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Table 3.2 cis-carotenoid levels (µg.gFW-1) in etiolated seedlings (7-d old) of WT, ccr2 and rccr2 lines 
Continue Table 3.2 
*Difference is significant when compared to ccr2, P<0.05 in one-way ANOVA. ζ-Carotene: tri-cis-ζ-carotene and di-cis-ζ-carotene; 
Neurosporene: tri-cis-neurosporene; Prolycopene: tetra-cis-lycopene.  
 
 
 WT ccr2 rccr24 rccr25 rccr29 rccr214 rccr225 rccr247 rccr259 rccr260 rccr274 rccr278 rccr289 rccr290 
Phytoene  0.00 
±0.00 
6.94 
±0.42 
1.26* 
±0.07 
6.63 
±0.36 
7.26 
±0.50 
6.97 
±0.38 
6.88 
±0.31 
6.20 
±0.25 
6.90 
±0.49 
7.51 
±0.57 
4.82* 
±0.32 
7.28 
±0.63 
6.87 
±0.44 
0.92* 
±0.06 
Phytofluene 0.00 
±0.00 
4.68 
±0.28 
1.72* 
±0.09 
4.45 
±0.32 
4.85 
±0.25 
4.73 
±0.34 
4.53 
±0.30 
4.25 
±0.40 
4.72 
±0.29 
5.03 
±0.38 
3.51* 
±0.29 
4.93 
±0.41 
4.58 
±0.37 
1.24* 
±0.05 
ζ-Carotene 0.00 
±0.00 
10.07 
±0.76 
2.60* 
±0.15 
9.77 
±0.89 
10.64 
±0.73 
10.11 
±0.84 
9.86 
±0.77 
9.23 
±0.81 
10.24 
±0.64 
10.96 
±0.92 
4.79* 
±0.36 
10.56 
±0.85 
9.82 
±0.67 
1.43* 
±0.08 
Neurosporene 0.00 
±0.00 
3.55 
±0.22 
2.58* 
±0.14 
3.48 
±0.18 
3.78 
±0.15 
3.42 
±0.15 
3.50 
±0.16 
3.27 
±0.27 
3.48 
±0.24 
3.92 
±0.18 
2.60* 
±0.15 
3.85 
±0.21 
3.46 
±0.23 
1.66* 
±0.09 
Prolycopene 0.00 
±0.00 
4.98 
±0.37 
3.87* 
±0.24 
5.14 
±0.29 
5.19 
±0.46 
4.91 
±0.38 
4.75 
±0.38 
4.61 
±0.25 
4.89 
±0.41 
5.45 
±0.36 
3.96* 
±0.28 
4.30 
±0.34 
4.75 
±0.26 
2.58* 
±0.11 
 rccr298 rccr2108 rccr2109 rccr2110 rccr2111 rccr2122 rccr2128 rccr2129 rccr2130 rccr2141 rccr2145 rccr2148 rccr2154 rccr2155 
Phytoene  7.17 
±0.66 
6.80 
±0.45 
6.86 
±0.54 
7.20 
±0.58 
7.26 
±0.53 
6.99 
±0.41 
6.58 
±0.34 
6.64 
±0.47 
1.37* 
±0.07 
7.30 
±0.56 
2.11* 
±0.14 
6.76 
±0.51 
6.12 
±0.60 
7.55 
±0.69 
Phytofluene 4.79 
±0.33 
4.50 
±0.28 
4.61 
±0.41 
4.92 
±0.32 
4.96 
±0.35 
4.66 
±0.46 
4.39 
±0.27 
4.47 
±0.38 
1.20* 
±0.08 
5.12 
±0.25 
1.75* 
±0.09 
4.83 
±0.36 
4.03 
±0.37 
6.17* 
±0.48 
ζ-Carotene 10.36 
±0.95 
9.83 
±0.76 
9.90 
±0.77 
10.47 
±0.68 
10.57 
±0.90 
10.04 
±0.74 
9.76 
±0.59 
9.76 
±0.63 
2.89* 
±0.18 
11.00 
±1.06 
4.48* 
±0.35 
9.85 
±0.51 
9.24 
±0.80 
3.68* 
±0.24 
Neurosporene 3.64 
±0.25 
3.44 
±0.31 
3.43 
±0.27 
3.74 
±0.32 
3.72 
±0.32 
3.63 
±0.26 
3.70 
±0.33 
3.76 
±0.30 
2.14* 
±0.17 
3.91 
±0.19 
3.10 
±0.25 
3.32 
±0.22 
3.25 
±0.24 
0.00* 
±0.00 
Prolycopene 4.81 
±0.36 
4.85 
±0.40 
4.85 
±0.29 
5.13 
±0.42 
5.22 
±0.41 
4.91 
±0.37 
4.73 
±0.35 
4.72 
±0.28 
3.06* 
±0.19 
5.44 
±0.27 
4.76 
±0.43 
4.78 
±0.35 
3.46* 
±0.45 
0.00* 
±0.00 
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Figure 3.5 ccr2 and all rccr2 lines displayed reduced levels of lutein in comparison to WT. All plants were grown under an 8-h 
photoperiod. The yellow and green leaf tissues of ccr2 both have reduced lutein levels and only that of green leaf tissue is shown in 
this figure. Values were averaged from at least three biological replicates and error bars denote standard error. 
 
 
 
0
10
20
30
40
50
Pe
rc
en
ta
ge
 o
f l
ut
ei
n 
in
 to
ta
l c
ar
ot
en
oi
ds
 (%
) 
-94- 
 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
0 h 24 h 48 h 72 h
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Total chlorophyll levels in cotyledons following de-etiolation. ccr2 and six rccr2 lines showed delayed greening compared 
to WT. WT, ccr2, and all rccr2 lines were grown in darkness for 4 d, exposed to continuous white light and chlorophyll was measured at 
12-h intervals. Chlorophyll levels at 0 h, 24 h, 48 h and 72 h are shown in the figure. *P<0.05 in one-way ANOVA. Each value was 
averaged from 20 seedlings and error bars denote standard error. 
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Figure 3.7B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 The ccr2 mutant has terminated primary floral meristem and altered floral architecture and no rccr2 lines reverted those 
phenotypes. Five-week old plants were shifted from 16-h to 8-h photoperiod and scored for floral phenotypes. A. ccr2 showed floral 
meristem termination (lower, marked by a white circle) and altered floral architecture (upper) compared to WT. B. None of the 26 rccr2 
lines reverted the floral phenotypes of ccr2. For each genotype, three groups each containing 10 representative plants were scored 
and values were averaged from the three groups. Error bars denote standard error. 
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Figure 3.8 The ccr2 mutant and all rccr2 lines displayed significantly reduced root length compared to WT. Seedlings of WT, ccr2 and 
all 26 rccr2 lines were grown on MS medium containing 0.8% phytagel under a 16-h photoperiod. Root length was scored for 11 d at 
24-h intervals and that of the final day is shown in the figure. For each genotype, values were averaged from 15-30 seedlings. One-way 
ANOVA was performed to compare between means; P < 0.05 was set as statistically significant. Error bars denote standard error.
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3.2.3 Identification of causal mutations by next generation sequencing 
rccr2 lines were backcrossed to Ler-0 and the ccr2 parent in both Columbia (ccr2Col) and Landsberg 
(ccr2Ler) background (Table 3.3), and NGS technologies were used to sequence the genomic DNA 
from a segregating homozygous F2 mapping population for each of the 26 rccr2 lines. Homozygous 
F2 plants were screened first by observing the leaf greening phenotype under a 10-h photoperiod 
and the F2 populations of all rccr2 lines displayed a segregation ratio of close to 1:3 (Green:Yellow) 
or 13:3 when backcrossed to Ler-0, suggesting the causal mutations to be recessive. Carotenoid 
levels of the plants with green true leaves were then analyzed by HPLC, using reduced lutein as 
an indication of homozygous ccr2 mutation; for the rccr2 lines that were backcrossed to Ler-0, F2 
plants with green true leaves but displaying similar morphological traits of rosette to Ler-0 
(Passardi et al., 2007) were removed from the population before HPLC was performed. In each 
segregating F2 population, plants showing both green true leaves under 10-h photoperiod and 
reduced lutein in carotenoid profile were used to generate a mapping pool for NGS and most 
pools consisted of more than 30 homozygous plants (Table 3.3). 
Through NGS of all 26 rccr2 lines, 2.8×107 to 4.6×107 reads were obtained for each F2 mapping 
population, which accounted for 21-34 times of genome coverage (Table 3.3).  A scoring system 
(Table 3.4) was utilized to assess the SNPs (Single Nucleotide Polymorphisms) identified by NGS, 
grading chastity, BLOSUN (BLOcks SUbstitution Matrix) (Henikoff and Henikoff, 1992) and function 
of mutated genes from 0 to 5 (Table 3.4). In addition, we aligned SNPs from different mapping 
populations of a same rccr2 line, and highlighted homozygous mutations in “SNP deserts” of the 
same pattern across different mapping pools. For each rccr2 line, a mutation with the highest 
score across mapping populations was deemed as the most likely causal mutation and is listed in 
Table 3.5 with a brief description of its reported functions. The mutated genes identified by NGS 
encode enzymes in the carotenoid biosynthesis pathway (e.g. PSY), proteins that are involved in 
chloroplast development (e.g. FtsH protease 11), proteins that are involved in 
photomorphogenesis (e.g. Deetiolated1), receptor or transporter proteins (e.g. glutamate 
receptors), protein-protein interacting factors (e.g. AtOR-like protein) or other proteins/enzymes 
that play regulatory roles in cell signaling (Table 3.5).
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Table 3.3 General NGS information of each rccr2 line 
rccr2 
lines Crossed to 
*F2 segregation 
(Green : Yellow) 
∆F2 plants with 
reduced lutein 
F2 plants 
sequenced 
Number 
of reads 
Genome 
coverage 
rccr24 ccr2Ler 181 : 526 51 (of 51) 23 34872415 26 
rccr24 ccr2Col 154 : 479 56 (of 56) 47 29638570 22 
rccr24 Ler-0 1208 : 254 105 (of 434) 86 42695174 32 
rccr25 ccr2Ler 122 : 348 70 (of 70) 52 38542197 29 
rccr25 ccr2Col 205 : 621 64 (of 64) 52 31678210 24 
rccr29 ccr2Ler 137 : 405 39 (of 39) 24 28463216 21 
rccr29 ccr2Col 213 : 652 56 (of 56) 50 43189652 33 
rccr29 Ler-0 837 : 185 83 (of 340) 74 32385428 24 
rccr214 ccr2Col 110 : 306 102 (of 102) 87 36474631 28 
rccr214 Ler-0 908 : 198 50 (of 223) 30 40627654 31 
rccr225 ccr2Col 89 : 274 52 (of 52) 52 38459220 29 
rccr247 ccr2Col 75 : 229 34 (of 34) 22 27664523 21 
rccr259 ccr2Col 66 : 202 66 (of 66) 60 30587650 23 
rccr260 Ler-0 1052 : 253 14 (of 210) 11 29487299 22 
rccr274 ccr2Col 128 : 397 60 (of 60) 60 36382030 27 
rccr278 ccr2Col 66 : 211 28 (of 28) 24 34562788 26 
rccr289 ccr2Col 183 : 525 77 (of 77) 60 42006587 32 
rccr290 ccr2Col 92 : 256 80 (of 80) 60 35746581 27 
rccr290 Ler-0 836 : 200 65 (of 192) 41 42872313 32 
rccr298 ccr2Col 81 : 233 48 (of 48) 33 37675209 28 
rccr298 Ler-0 1362 : 324 36 (of 244) 11 40536780 31 
rccr2108 ccr2Ler 64 : 195 38 (of 38) 31 39204375 30 
rccr2108 Ler-0 1118 : 267 15 (of 180) 11 29631054 22 
rccr2109 ccr2Col 146: 458 76 (of 76) 62 45653892 34 
rccr2109 Ler-0 1535 : 338 52 (of 255) 36 36824310 28 
rccr2110 Ler-0 894 : 219 35 (of 238) 32 33687903 25 
rccr2111 Ler-0 924 : 206 31 (of 176) 22 41547695 31 
rccr2122 ccr2Col 77 : 244 53 (of 53) 45 28176506 21 
rccr2128 ccr2Ler 125 : 356 42 (of 42) 37 27653812 21 
rccr2129 ccr2Ler 109 : 342 45 (of 45) 37 33472109 25 
rccr2130 ccr2Ler 86 : 239 30 (of 30) 26 42496122 32 
rccr2130 ccr2Col 152 : 460 56 (of 560 47 35191132 27 
rccr2141 ccr2Ler 92 : 293 90 (of 90) 76 36854718 28 
rccr2141 ccr2Col 176 : 517 84 (of 84) 68 37832344 29 
rccr2145 ccr2Ler 214 : 628 91 (of 91) 72 45392220 34 
rccr2145 ccr2Col 167 : 523 85 (of 85) 78 39665451 30 
rccr2148 ccr2Col 190 : 554 89 (of 89) 76 44069575 33 
rccr2154 ccr2Ler 53 : 178 44 (of 44) 40 40041378 30 
rccr2155 ccr2Ler 96 : 278 93 (of 93) 76 36715977 28 
rccr2155 ccr2Col 85 : 261 85 (of 85) 65 39770795 30 
*Green: plants with green true leaves under a 10-h photoperiod; Yellow: plants with yellow true 
leaves under the same photoperiod. ∆F2 plants with green true leaves were subjected to HPLC to 
screen for homozygous ccr2 mutation that led to reduced lutein. 
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Table 3.4 The scoring system used in this study to evaluate SNPs identified by NGS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*An SNP is scored as 5 if it leads to an altered splice site and consequently changed ORF or a 
premature stop codon, and scored as 3 if the altered splice site results in an inserted intron or a 
deleted exon which does not change the ORF. Those scores substitute BLOSUM. 
Score Chastity BLOSUM* Function of mutated genes 
5 ≥ 0.95 -10 and -9 Directly involved in carotenoid biosynthesis or plastid development   
4 0.92 – 0.94 -8 and -7 Involved in plant development or stress responses 
3 0.9 – 0.91 -6 and -5 Encoding kinases, phosphatases or transcription factors 
2 0.85 – 0.89 -4 and -3 Encoding other signalling factors that regulate gene expression 
1 0.80 – 0.84 -2 and -1 Encoding other proteins or RNAs that regulate gene expression 
0 < 0.80 ≥ 0 Encoding other proteins with known or unknown functions 
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Table 3.5 Possible causal mutations identified in each rccr2 line using NGS 
rccr2 
lines 
SNP 
position 
Chastity Base 
change 
Location in 
the gene 
Amino acid 
change Accession Description of the gene product ×ccr2Ler ×ccr2Col ×Ler-0 
rccr24 5660555 0.83 0.88 0.98 CT CDS MI At5g17230 Phytoene synthase (PSY), the entry point enzyme of carotenoid biosynthesis. 
rccr25 5660555 0.67 0.9 ∆NS CT CDS MI At5g17230 Phytoene synthase (PSY), the entry point enzyme of carotenoid biosynthesis. 
rccr29 11613547 1 1 0.93 CT CDS Q* At1g32230 
Radical-Induced Cell Death1 (RCD1), 
belonging to WWE protein-protein 
interaction domain protein family. 
rccr214 21567149 0.97 0.87 NS CT CDS GE At5g53170 
FtsH protease 11 (FtsH11), involved in high 
temperature adaptation processes in 
chloroplast development. 
rccr225 3621275 NS 0.89 NS GA CDS VM At2g08986 Unknown protein that has 30201 Blast hits to 17322 proteins in 780 species. 
rccr247 18326605 NS 0.85 NS GA CDS GS At4g39400 BRI1, a leucine-rich receptor-like protein kinase family protein. 
rccr259 1853804 NS 1 NS CT CDS GR At5g06130 
AtOR-Like protein that interacts directly with 
the PSY and acts as a positive 
posttranscriptional regulator. 
rccr260 3959350 NS NS 0.96 GA Splice site No At1g11730 
Galactosyltransferase family protein.  
Galactosyltransferases are involved in 
galactolipid biosynthesis and located on the 
outer membrane of chloroplast envelope. 
rccr274 1855210 NS 0.93 NS GA CDS Q* At5g06130 
AtOR-Like protein that interacts directly with 
the PSY and acts as a positive 
posttranscriptional regulator. 
rccr278 2961614 NS 1 NS GA CDS DN At4g05612 Unknown protein 
rccr289 6148606 NS 0.967 NS CT CDS W* At5g18525 
Protein serine/threonine kinase and/or 
protein tyrosine kinase that potentially 
regulates cell proliferation/development, and 
contains WD40 repeat domain. 
rccr290 5660151 NS 0.96 0.68 CT CDS AT At5g17230 Phytoene synthase (PSY), the entry point enzyme of carotenoid biosynthesis. 
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∆NS: Not Sequenced; □ND: No Data; Het: all alleles are heterozygous or no SNP desert.
rccr2 
lines 
SNP 
position 
Chastity Base 
change 
Location in 
the gene 
Amino acid 
change Accession Description of the gene product ×ccr2Ler ×ccr2Col ×Ler-0 
rccr298 8260848 NS 1 0.83 CT Splice site No At5g24280 
Gamma-irradiation and mitomycin c induced 
1 (GMI1) that is involved in damaged DNA 
repair via homologous recombination. 
rccr2108 4633530 0.95 NS 0.90 GA CDS SF At5g14370 
CCT motif family protein. CIA 2, a CCT motif-
containing protein, is a transcription factor 
that upregulates chloroplast translocon 
genes. 
rccr2109 3716106 NS 0.92 0.89 CT CDS W* At5g11570 Major facilitator superfamily (MFS) protein that has membrane transporter activity. 
rccr2110 
rccr2111 2937753 NS NS 1 GA CDS AV At1g09100 
RPT5B, 26S proteasome AAA-ATPase subunit.  
In dark, Arabidopsis COP1 interacts with 
transcription factors such as HY5 and triggers 
their degradation via the 26S proteasome. 
rccr2122 □ND NS Het NS ND ND ND ND ND 
rccr2128 22614671 0.95 NS NS CT CDS EK At1g61310 LRR and NB-ARC domains-containing disease resistance protein. 
rccr2129 ND Het NS NS ND ND ND ND ND 
rccr2130 5660938 0.97 1 NS GA CDS PS At5g17230 Phytoene synthase (PSY), the entry point enzyme of carotenoid biosynthesis. 
rccr2141 19616865 1 1 NS GA CDS W* At5g48400 
Glutamate-like receptor 1.2 (GLR1.2); plant 
GLRs function as cation channels and are 
implicated in light signaling. 
rccr2145 5661514 0.87 0.94 NS CT Splice site No At5g17230 Phytoene synthase (PSY), the entry point enzyme of carotenoid biosynthesis. 
rccr2148 19620864 NS 0.95 NS GA CDS AT At5g48410 
Glutamate-like receptor 1.3 (GLR1.3); plant 
GLRs function as cation channels and are 
implicated in light signaling. 
rccr2154 6347991 1 NS NS GA Splice site No At4g10180 De-etiolated1 (DET1) is a repressor of photomorphogenic gene expression.  
rccr2155 3606630 0.92 0.98 NS CT CDS W* At1g10830 
15-cis-zeta-carotene isomerase (ZISO), an 
isomerase in carotenoid biosynthetic 
pathway. 
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3.3 Discussion 
Altogether, 18 candidate genes were identified by NGS of the 26 revertants. Here I briefly discuss 
these candidate genes with known functions. In chapters 4 and 5, I undertake a detailed analysis 
of the reversion of the ccr2 leaf-yellowing phenotype due to lesions in PSY, ZISO and DET1.  
3.3.1 Characterization of ccr2 and rccr2 
In ccr2 YL, the percentage composition of zeaxanthin and antheraxanthin was significantly 
increased (Figure 3.1), probably suggesting a greater demand of photo-protective pigments in the 
violaxanthin cycle (Niyogi et al., 1998; Jahns et al., 2009) when the leaf tissue contains impaired 
chloroplasts. Interestingly, the composition of violaxanthin was enhanced in ccr2 GL to a higher 
level than in WT and remained at high levels in all rccr2 lines. Furthermore, the levels of 
zeaxanthin and antheraxanthin were still significantly higher in rccr2 lines than in WT, and other 
major carotenoids in leaf tissue of rccr2 lines remained mostly at similar levels to ccr2 GL, 
including rccr2 lines carrying mutated genes encoding carotenogenic enzymes (PSY and ZISO) and 
PSY-interacting protein AtOR-like (Figure 3.1). We hence propose that the leaf yellowing 
phenotype was reverted via mechanisms other than simply restoring carotenoid composition to 
wild type levels, and that altered chloroplast development in ccr2 is possibly due to carotenoid-
derived retrograde signals the production or perception of which is repressed in rccr2 lines. 
Consistently, unlike WT all rccr2 lines accumulated cis-carotenoids, although the composition in 
some lines was different to that in ccr2 (Table 3.2). The difference in cis-carotenoid levels could 
suggest that there is a threshold level of cis-carotenoids required to produce a carotenoid-derived 
retrograde signal. 
Unlike that in leaf tissue, chlorophyll biosynthesis in cotyledons of some rccr2 lines was not 
restored to wild type levels (Figures 3.4B and 3.6). The absence of PLB in ccr2 etioplasts correlates 
with delayed greening in cotyledons upon illumination (Park et al., 2002). Therefore, cotyledon 
greening at wild type levels may suggest restored PLB formation in rccr2 lines, and delayed 
cotyledon greening possibly suggest that those rccr2 lines lack PLB formation, arguing for 
different mechanisms to restore chlorophyll levels in leaves. 
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In the present forward genetics study, rccr2 lines were only screened by observing the reversion 
of leaf yellowing (Figure 3.4A and B), intriguingly floral meristem termination and root length 
phenotypes of ccr2 were not reverted (Figures 3.7 and 3.8), suggesting that separate signals or 
mechanisms may lead to those phenotypes. 
3.3.2 Mutations in PSY, OR and ZISO 
In this study, I identified four mutant alleles of PSY, rccr24, rccr290, rccr2130 and rccrr2145, using 
NGS; EMS mutations led to single amino acid changes in psy-4, psy-90 and psy-130, and an altered 
slice site in psy-145 (Table 3.5). As the entry point enzyme of carotenoid biosynthesis, PSY controls 
carbon flux into the pathway (Cazzonelli and Pogson, 2010). Therefore, altered activity of PSY 
exerts profound effects on carotenoid profile (Ducreux et al., 2005; Fraser et al., 2007; Maass et 
al., 2009; Welsch et al., 2010; Cao et al., 2012), probably including cis-carotenoid levels, and may 
subsequently affect the proposed carotenoid-derived signals that regulate chloroplast 
development. In addition to affecting the activity of PSY, single amino acid changes were reported 
to have dramatic effects on its localization (Shumskaya et al., 2012). PSY has been proposed to 
form a metabolon with other enzymes in the carotenoid pathway (Shumskaya and Wurtzel, 2013), 
and changed localization of the entry point enzyme may affect the function of this biosynthetic 
machinery of carotenoids. All four rccr2 lines carrying mutated psy displayed altered cis-
carotenoid profiles in etiolated seedlings, while carotenoid content in leaf tissue were similar to 
that of ccr2 (Tables 3.1 and 3.2), suggesting the speculated retrograde signals in ccr2 to be 
triggered by cis-carotenoids. It has been established that basic helix-loop-helix (bHLH) 
transcription factors PIF1, PIF3, PIF3 and PIF5 repress the expression of PSY gene in dark and that 
during photomorphogenesis light-triggered degradation of PIFs derepresses PSY expression and 
promotes carotenoid biosynthesis (Toledo-Ortiz et al., 2010). Also involved in 
photomorphogenesis, gibberellin (GA)-regulated DELLA proteins derepress PSY expression in 
cotyledons by repressing the transcriptional activity of PIFs (Cheminant et al., 2011). Taken 
together, the expression and function of PSY is closely linked to photomorphogenesis and 
multiple alleles of PSY identified in this study likely contain causal mutations of the reverted 
chloroplast development.  
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Arabidopsis ORANGE (AtOR) and AtOR-like, plastid-localized proteins that contain a DnaJ cysteine-
rich zinc finger domain, physically interact with PSY and regulate its protein levels, acting as major 
posttranslational regulators (Zhou et al., 2015). Altered protein levels of PSY may also affect 
carotenoid content and carotenoid-derived signals. Interestingly two alleles of AtOR-like 
(At5g06130) were identified in the present study; EMS mutations introduced a single amino acid 
change in rccr259 and a premature stop codon in rccr274 (Table 3.5). Ator-like-74 led to significant 
changes in cis-carotenoid profile compared to ccr2, whereas ator-like-59 showed no significant 
effect on cis-carotenoid levels (Table 3.2), probably due to a less severe change in the AtOR-like 
protein. It has been reported that cauliflower (Brassica oleracea) OR protein (BoOR) affects 
carotenoid accumulation by regulating chromoplast differentiation and carotenoid storage sink 
(Lu et al., 2006; Lopez et al., 2008b; Li et al., 2012). However, OR exerts no effects on leaf 
carotenoid composition (Li et al., 2001); in agreement with previous reports, no clear changes of 
carotenoid content were observed in leaves of the two rccr2 lines carrying mutated ator-like 
alleles (Table 3.1).  
ZISO, a carotenoid isomerase that was characterized in Arabidopsis in 2010 (Chen et al., 2010), 
catalyzes the conversion of tri-cis-ζ-carotene at the 15-cis double bond to form di-cis-ζ-carotene. 
The Arabidopsis ccr2 mutant accumulates neurosporene isomers and tetra-cis-lycopene that 
were proposed to prevent the formation of PLB thereby perturbing plastid development and 
delaying the greening of etiolated seedlings upon illumination (Park et al., 2002; Cuttriss et al., 
2007). rccr2155 lacks those cis-carotenes due to a mutated ZISO (ziso-155) with a premature stop 
codon, and ζ-carotene was reduced as the formation of di-cis-ζ-carotene is blocked in this mutant 
(Tables 3.2 and 3.5). I hence hypothesize that mutated ZISO and consequently changed cis-
carotenoid composition in rccr2155 lead to the restoration of leaf greening. It has remained to be 
investigated if cis-carotenoids trigger retrograde signals or just structurally prevent PLB formation. 
However, 19 other rccr2 lines possessed similar cis-carotenoid composition to ccr2 while still 
showed restoration of leaf greening (Figure 3.4 A and B; Table 3.2), which is in agreement with 
retrograde signals playing regulatory roles in chloroplast development. 
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3.3.3 Mutations in DET1, RPT5B and GLK1 
DET1 and COP1 are among the first identified photomorphogenesis repressors (Deng et al., 1992; 
Pepper et al., 1994). COP1 is a Ub E3 ligase (E3 ubiquitin ligase) that act as a key repressor in the 
light signaling pathway, mediating the degradation of transcription factors involved in 
photomorphogenesis by the Ub-proteasome system (Deng et al., 1992; Yi and Deng, 2005); DET1 
forms the CDD complex with DDB1 (Damaged DNA Binding protein 1) and COP10, aiding in COP1-
mediated protein degradation (Schroeder et al., 2002; Yanagawa et al., 2004). The repression of 
CDD complex by light-activated photoreceptors such as phyB-Pfr allows the accumulation of 
photomorphogenesis-promoting transcription factors and the initiation of photomorphogenic 
development of a plant seedling (Yi and Deng, 2005). Reportedly, DET1 regulates protein levels of 
PIFs by physically interacting with and stabilizing those factors, and thereby represses 
photomorphogenesis (Dong et al., 2014; Shi et al., 2015). DET1 was also suggested to negatively 
regulate protein abundance of DELLA and act in the CDD complex which targets long hypocotyl in 
far-red 1 (HFR1) for degradation (Li et al., 2015; Shi et al., 2015). I identified a mutated DET1 gene 
from rccr2154 and the mutation introduced an altered splice site (Table 3.5) which may presumably 
affect the function of DET1 protein and hence promote photomorphogenesis. Suppression of 
DET1 gene expression was shown to result in elevated carotenoid biosynthesis in plants including 
tomato and canola (Brassica napus) (Davuluri et al., 2005; Wei et al., 2009; Enfissi et al., 2010), in 
line with which leaf carotenoid content and cis-carotenoid composition in etiolated seedlings 
were both altered in rccr2154 (Tables 3.1 and 3.2). More interestingly, a significant reduction of 
tetra-cis-lycopene was associated with det1-154 in this revertant line, which is consistent with 
the hypothesis that tetra-cis-lycopene many be among the carotenoids that trigger the retrograde 
signals in ccr2. 
Following the interaction with COP1, transcription factors such HY5 are degraded by the 26S Ub-
proteasome system of which RPT5B is an AAA-ATPase subunit (Yi and Deng, 2005; Guyon-Debast 
et al., 2010). RPT5B was mutated in rccr2110 and rccr2111, which is likely associated with promoted 
photomorphogenesis and restoration of leaf greening in those rccr2 lines. Notably, an SNP was 
located in AtGLK1 (Arabidopsis Golden2-like 1, At2g20570) in rccr2108, although being 
heterozygous. In Arabidopsis, a double knockout mutant glk1 glk2 displayed reduced 
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transcription of PhANGs and perturbed chloroplast development (Fitter et al., 2002). Given the 
roles of GLK family in the transcriptional regulation of chloroplast biogenesis (Kobayashi and 
Masuda, 2016), the mutated AtGLK1 in rccr2108 may need further investigation. 
3.3.4 Mutation in FtsH 
FtsHs (filamentation temperature sensitive) are a well-characterized family of membrane-bound 
and ATP-depended metalloproteases. Seventeen FtsH family genes have been discovered in 
Arabidopsis, and 12 of them encode FtsHs, the rest five encoding FtsHi proteins which lack the 
zinc-binding site required for proteolytic activity and are protease-inactive (Wagner et al., 2012; 
Nishimura et al., 2016). Eight of the 12 FtsHs and five FtsHi proteins are targeted to chloroplasts 
and FtsH11 is localized in both chloroplasts and mitochondria (Urantowka et al., 2005; Ferro et 
al., 2010). Multiple roles have been attributed to FtsHs in chloroplasts, including thylakoid 
biogenesis and degradation of damaged photosynthetic proteins (Ostersetzer and Adam, 1997; 
Chen et al., 2000; Bailey et al., 2002; Sakamoto et al., 2003). Interestingly, FtsH1 gene expression 
was found to be induced by phytochrome A during photomorphogenesis (Tepperman et al., 2001). 
It has been suggested that the dual-targeted FtsH11 is crucial in the thermotolerance of 
Arabidopsis and that in the leaves of ftsh11 photosynthetic capacity was dramatically reduced at 
30°C (Chen et al., 2006). ftsh11 growing under a prolonged photoperiod or continuous light 
displayed bleached phenotypes, suggesting that FtsH11 plays an essential role in chloroplast 
structure and function during growth under long photoperiods (Wagner et al., 2016). rccr214 
showed variegated leaves when grown under a 16-h photoperiod while no variegation was 
observed under 8 h (Figure 3.9), in correlation with the variegation phenotype carotenoid 
composition was altered in leaf tissue, displaying increased antheraxanthin and reduced β-
Carotene and lutein (Table 3.1). Ftsh11-14 carries an EMS mutation that results in a GE amino 
acid substitution, which may affect the function of FtsH11 protease (Table 3.5). However, how a 
mutated FtsH11 reverted the leaf yellowing phenotype in ccr2 remains to be elucidated. The 
chlorophyll biosynthesis in rccr214 during cotyledon greening was not restored to wild type levels, 
suggesting that PLB formation during skotomorphogenesis was not restored in this revertant line. 
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Figure 3.9 rccr214 displays variegated leaves under a 16-h photoperiod. Twenty plants were 
grown under an 8-h photoperiod for 25 d. Plants were then split into two groups and one 
group was shifted to 16 h, the other group remaining under 8 h; both groups were 
photographed 10 d after the shift. 
3.3.5 Mutations in GLRs 
Mutations in two genes that encode glutamate-like receptor homologous 1.2 (AtGLR1.2, 
At5g48400) and AtGLR1.3 (At5g48410) were identified by NGS from rccr2141 and rccr2148, 
respectively (Table 3.5). Plant GLRs are homologous of mammalian ionotropic glutamate 
receptors (iGluRs) (Price et al., 2012). In Arabidopsis AtGLR 3.4 was found to be an amino acid-
gated channel inducing cytosolic calcium peaks (Vincill et al., 2012); multiple members of the 
20 AtGLRs that have been discovered so far are hence speculated to be amino acid-activated 
channels (Chiu et al., 1999; Price et al., 2012). Previous reports have suggested that plant GLRs 
are involved in a wide range of biological processes, which was reviewed comprehensively 
(Price et al., 2012). Of particular interest to this study is the involvement of plant GLRs in 
signaling that regulates chloroplast development. Mammalian iGluR inhibitor DNQX (6,7-
dinitroquinoxaline-2,3-(1H,4H)-dione) and iGluR agonist BMAA (S(+)-β-methyl-α,β-
diaminopropionicacid), both induced hypocotyl elongation and reduced chlorophyll levels in 
light grown Arabidopsis seedlings, whereas dark grown seedlings were unaffected, indicating 
regulatory roles of AtGLRs that are specific to light signaling; it seemed that the regulation of 
 8 h                                                            16 h 
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light signaling by AtGLRs can be positive or negative (Lam et al., 1998; Brenner et al., 2000). 
AtGLR3.4 was found to be localised in chloroplasts and T-DNA insertions in this plant GLR 
negatively affected photosynthetic phenotypes (Teardo et al., 2011). When etiolated seedling 
of rccr2141 and rccr2148 were exposed to continuous light the cotyledons showed delayed 
greening resembling ccr2 (Figure 3.6), indicating that the restoration of leaf greening was due 
to affected light signaling and that plastid development in dark-grown seedling might not be 
restored. Given the amino acid-channeling activities of plant GLRs, I also propose that the 
perception or transduction but not production of the speculated retrograde signals was 
affected in the two rccr2 lines. 
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Chapter 4: A cis-carotenoid derived apocarotenoid 
posttranscriptionally regulates protochlorophyllide 
oxidoreductase and prolamellar body formation during 
skotomorphogenesis 
 
This chapter has been written as a manuscript to be submitted to Plant Cell and hence follows 
the submission guidelines of the journal. The main text is formatted according to the journal’s 
instructions, and supplemental tables and figures are attached to the end of the chapter. 
However, to facilitate the examiners’ review, figures and legends are embedded to the main 
text instead of being individual files; figures are formatted as instructed by the journal but not 
scaled to the journal’s required size. References of this manuscript have been incorporated 
into thesis references at the end of thesis. 
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ABBREVIATIONS 
ccr carotenoid and chloroplast regulation 
rccr2  revertant of ccr2 
DAG Days after germination 
YL  yellow leaf 
GL  green leaf 
ACS  Apocarotenoid signal 
NFZ  Norflurazon
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ABSTRACT 
cis-carotenoids produced early in the carotenoid pathway may serve as substrates for the 
production of novel apocarotenoid signals (ACS) that regulate nuclear gene expression, 
metabolic homeostasis and leaf development. When and where they accumulate and what 
physiological functions they may serve in higher plants remain unclear. cis-carotenoids are not 
easily detected in most plant tissues, except in the absence of carotenoid isomerase (CRTISO) 
activity when photoisomerisation rate-limits the isomerisation of tetra-cis to all-trans-
lycopene. crtiso mutants display different virescent phenotypes in different species and here 
we demonstrate a physiological link to cis-carotenoid accumulation. The accumulation of cis-
carotenoids in Arabidopsis crtiso mutant (ccr2) tissues was observed in plant tissues grown 
under extended darkness (i.e. shorter photoperiod) and coincided with a perturbation in 
chloroplast development that caused leaf yellowing. A forward genetic screen identified an 
epistatic interaction between the ζ-carotene isomerase (ziso) and ccr2 which could restore 
plastid development, and revealed that di-cis-ζ-carotene, tri-cis-neurosporene and tetra-cis-
lycopene are likely substrates for the generation of an ACS, named ASC2. Transcriptomics 
analysis of ccr2 ziso mutant tissues impaired in plastid development revealed that 
photosynthesis associated nuclear gene expression (PhANG) was activated through the down-
regulation of genes involved in repressing photomorphogenesis. We identified an alternative 
splice mutant of det1, a repressor of photomorphogenesis, which could restore PLB formation 
and cotyledon greening following de-etiolation in ccr2. Chemical inhibition of carotenoid 
cleavage dioxygenase activity provided evidence that ACS2 posttranscriptionally maintains 
protochlorophyllide oxidoreductase protein levels acting downstream of DET1 to control PLB 
formation and plastid development. 
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INTRODUCTION 
Carotenoids are a diverse group of hydrophobic isoprenoid pigments controlling numerous 
biological processes in photosynthetic organisms and facilitate animal health (Cazzonelli, 2011; 
Baranski and Cazzonelli, 2016). In addition to providing plant flowers, fruits and seeds with 
distinct colours, carotenoids have essential roles in light harvesting, photomorphogenesis and 
photoprotection (Howitt and Pogson, 2006; Baranski and Cazzonelli, 2016). Carotenoids also 
serve as substrates necessary for the biosynthesis of plant phytohormones, apocarotenoid 
derived volatiles that attract pollinating insects or zoochoric animals, and signalling 
metabolites that control various aspects including plastid communications, gene expression, 
plant growth, physiology and development (Hou et al., 2016). The mechanisms by which 
environmental perturbations impact carotenoid production, storage and degradation remain 
largely unknown. 
In higher plants, carotenoid biosynthesis is initiated by the condensation of two molecules of 
geranylgeranyl diphosphate to form phytoene, which is catalysed by the rate-limiting enzyme 
phytoene synthase (PSY) (von Lintig et al., 1997; Li et al., 2008b; Rodriguez-Villalon et al., 
2009a; Welsch et al., 2010; Zhou et al., 2015). Next, phytoene desaturase (PDS), ζ-carotene 
desaturases (ZDS), ζ-carotene isomerase (ZISO) and cis-trans-carotene isomerase (CRTISO) 
convert the colourless phytoene into the pinkish-red coloured all-trans-lycopene (Bartley et 
al., 1999; Isaacson et al., 2002; Park et al., 2002; Dong et al., 2007; Chen et al., 2010; Yu et al., 
2011; Baranski and Cazzonelli, 2016). The carotenoid biosynthetic pathway branches after 
lycopene to produce alpha or beta-carotenes, their derivatives distinguished by different cyclic 
end groups. The addition of β-ring and ε-type rings are catalysed by lycopene β-cyclase (β-LCY) 
and lycopene ε-cyclase (ε-LCY), respectively (Cunningham et al., 1993; Cunningham et al., 
1996; Pecker et al., 1996; Ronen et al., 1999). α-carotene and β-carotene are further 
hydroxylated to produce the oxygenated carotenoids called xanthophylls (e.g. lutein, 
violaxanthin and zeaxanthin), which comprise the most abundant carotenoid pigments found 
in all green photosynthetic leaves. 
After a decade of advancement in understanding the biosynthetic enzymes, the next frontier 
is to discover the mechanisms that regulate carotenoid biosynthesis, organelle accumulation 
and storage, as well the formation, release and disposal of their breakdown products 
(Cazzonelli and Pogson, 2010; Havaux, 2014). Carotenoid enzymes and pigments are localised 
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in the plastid, whereas the genes are encoded in the nucleus. Some degree of retrograde 
and/or anterograde signalling between the plastid and nucleus is therefore necessary to 
coordinate the production of carotenoids, downstream phytohormones and apocarotenoid 
signalling metabolites (Chi et al., 2013). In plants, carotenoids serve as substrates in the 
production of at least two hormones: abscisic acid (ABA) and strigolactones (SLs). Such 
carotenoid-derived signalling molecules affect the synthesis of colour, flavour, root-
mycorrhizal interactions and developmental processes (McQuinn et al., 2015; Walter et al., 
2015). The Carotenoid Cleavage Dioxygenase/Nine-cis-epoxy-carotenoid Dioxygenase 
(CCD/NCED) family have been demonstrated to cleave carotenoids to yield apocarotenoid 
signalling metabolites (Hou et al., 2016). Members of the CCD family have different substrate 
preference, and contribute to the turnover of carotenoids with a high degree of enzymatic 
cleavage specificity in plant tissues (Walter and Strack, 2011; Harrison and Bugg, 2014). There 
are nine members of the CCD family in Arabidopsis. Five CCDs make up the NCED sub-group 
and are exclusively involved in cleavage of violaxanthin and neoxanthin to form ABA (Tan et 
al., 2003). Of the other four, CCD1 and CCD4 have roles in carotenoid degradation; CCD7 and 
CCD8 (also known as MAX3 and MAX4) are involved in strigolactone biosynthesis. These four 
enzymes however, have been shown via in vitro assays to cleave a variety of carotenoids, 
including the cis-carotenoids (Bruno et al., 2016; Hou et al., 2016). 
Non-enzymatic oxidative cleavage of carotenoids can also produce apocarotenoid metabolites 
by photooxidation reactions mediated by singlet oxygen (1O2) the main reactive oxygen 
species (ROS) or through co-oxidation mediated via enzymes such as lipoxygenases and 
peroxidases (Leenhardt et al., 2006a; Gonzalez-Perez et al., 2011). A variety of β-
apocarotenoid oxidation and/or enzymatic cleavage products such as β-carotene 5,8-
endoperoxide, geranylacetone, pseudoionone β-cyclocitral, β-carotene-5,6-epoxide and β-
ionone have also been linked to signalling processes (Havaux, 1998; Yamauchi et al., 1998; 
Simkin et al., 2008; Bradbury et al., 2012; Ramel et al., 2012). However, only β-cyclocitral has 
been demonstrated to function in protecting plant cells against high-light stress responses by 
repressing genes through the chloroplast to nucleus signal transduction pathways that 
moderate development, growth and biogenesis of cellular components (Havaux, 2014). 
An exciting hunt is on for cis-carotenoid derived metabolites produced in the upper part of 
the pathway that may function as signalling metabolites (Kachanovsky et al., 2012; Fantini et 
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al., 2013; Avendano-Vazquez et al., 2014; Alvarez et al., 2016). While the identity of any ACS 
derived from the cis-carotenoids formed in the early part of the biosynthesis pathway remains 
unknown and the cis-carotenoid substrates undefined, there is sufficient evidence to support 
their roles in mediating chloroplast to nuclear communication by controlling nuclear gene 
expression. For example, accumulation of ζ-carotene and/or phytofluene in the Arabidopsis 
clb5/zds (chloroplast biogenesis-5/ζ-carotene desaturase) mutant altered chloroplast to 
nuclear communications and expression of nuclear encoded genes involved in early 
chloroplast development, photosynthetic activity and carotenoid biosynthesis. Whilst zds 
mutants produced an abnormal needle-like leaf abnormality, fluridone, a PDS inhibitor, and 
the ccd4 clb5 double mutant rescued the clb5 phenotype, providing evidence for a novel cis-
carotenoid derived ACS metabolite (Avendano-Vazquez et al., 2014). A metabolon regulatory 
loop was proposed in tomato fruit that can sense the levels of cis-carotenoid accumulation, 
their derivatives or the enzymes themselves revealing a poly-cis-carotene metabolic branch 
leading to the biosynthesis of all-trans-ζ-carotene (Fantini et al., 2013). An ACS metabolite 
derived from tetra-cis-lycopene and/or tri-cis-neurosporene was reported in tomato and 
implicated in the metabolic feedback-regulation of PSY1 transcription, linking the organellar 
metabolic status to overall plant development (Kachanovsky et al., 2012). The 5’ untranslated  
region (5’UTR) of a splice variant of the Arabidopsis PSY mRNA was reported to control 
translational activities in response to high carotenoid pathway fluxes, providing a potential 
mechanism by which an ACS may regulate the carotenoid pathway in a flux-dependent 
manner (Alvarez et al., 2016). Collectively, these evidences highlight potentially new functions 
for cis-carotenoids in controlling physiological processes and responses to environmental 
perturbations. 
The identification of a cis-carotenoid derived signalling metabolite has proved difficult due to 
mutations in early stages of carotenoid biosynthesis being either lethal (psy, pds and zds) or 
affecting leaf chlorophyll production by an unknown manner (ziso and crtiso). For instance, 
the maize y9/ziso mutant shows a pale-green zebra-striping pattern in leaves of field grown 
individuals, appearing as lighter green and less vigorous compared to wild type maize plants. 
The Arabidopsis (ziso) mutant exhibited a delayed greening when exposed to light that was 
influenced by environmental factors (Li et al., 2007; Chen et al., 2010). Similarly, the crtiso 
mutants in Arabidopsis, tomato, melon and rice show varying degrees of unexplained leaf 
yellowing or delayed leaf greening (Isaacson et al., 2002; Park et al., 2002; Chai et al., 2011; 
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Galpaz et al., 2013). The Arabidopsis ccr2/crtiso mutant accumulates neurosporene isomers 
and poly-cis-lycopene, which was proposed to structurally prevent prolamellar body 
formation (PLB) thereby perturbing plastid development and delaying the greening of de-
etiolated ccr2 seedlings exposed to continuous light (Park et al., 2002; Cuttriss et al., 2007). 
The prolamellar body is a crystalline agglomeration of protochlorophyllide (Pchlide), Pchlide 
oxidoreductase and fragments of prothylakoid membranes that provides the structural 
framework for the incipient photosynthetic apparatus (Sundqvist and Dahlin, 1997). 
Intriguingly, the leaves of the light-grown zebra/crtiso rice mutant exhibit a characteristic 
‘zebra’ phenotype and decreased level of lutein, which becomes more severe under high light 
intensity (Chai et al., 2011). In the tangerine/crtiso tomato mutant, newly developed leaves 
manifest yellow accumulating prolycopene and its precursors before turning light green 
eventually maturing as dark green foliage, again highlighting an effect of carotenoid 
biosynthesis on chloroplast development (Isaacson et al., 2002). Finally, the yofi/crtiso melon 
mutant caused yellowish seedlings to develop to young ‘yellow–green’ plantlets, while the 
mature plant is green with ‘yellow–green’ shoot apical meristems and young leaves (Galpaz 
et al., 2013). The crtiso loss-of-function mutants show altered composition of the downstream 
xanthophyll pigments, in particularly reduced lutein, and a massive accumulation of upstream 
cis-carotenoids (Isaacson et al., 2002; Park et al., 2002). The ziso and crtiso isomerase mutants 
can both affect cis-carotenoid accumulation and plastid development, but exactly if, which 
and how cis-carotenoids are responsible for the aforementioned physiological changes 
displayed by the isomerase mutants remain unclear. 
We describe how an environmental cue such as light can cause phenotypic variation in the 
carotenoid isomerase mutant. Extended darkness and shorter photoperiods causes the 
accumulation of cis-carotenoids in newly emerged leaf tissues of ccr2 that impair PLB 
formation and plastid development, thereby delaying cotyledon and leaf greening. An 
epistatic interaction between the ziso and crtiso restored plastid development and identified 
di-cis-ζ-carotene, neurosporene and/or tetra-cis-lycopene as candidate substrates for 
biosynthesis of an apocarotenoid signal. We provide chemical and genetic evidence that the 
apocarotenoid signal acts downstream of det1 to post-transcriptionally upregulate POR 
protein levels and PLB formation thereby linking cis-carotenoid signalling to the control of 
skotomorphogenesis. 
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RESULTS 
Photoperiod affects plastid differentiation and leaf development  
The carotenoid isomerase mutants display different leaf pigmentation phenotypes in different 
species. Why are there different leaf pigmentation phenotypes among different species and 
what causes this leaf colour variegation? To address this, we investigated if the quantity of 
light affects leaf pigment levels and hence plastid development. Growing ccr2 plants at a light 
intensity of 50 μmol.m-2.s-1 under a 16-h photoperiod did not cause any obvious changes in 
morphology or leaf colour (Supplemental Figure 1A). Next, we reduced the photoperiod to 12 
h and immature leaves from ccr2 rosettes emerged slightly pale green in comparison to WT. 
To accentuate this finding, plants were grown under an 8-h photoperiod with a light intensity 
at 150 μmol.m-2.s-1 and immature newly emerged leaves from ccr2 appeared bright yellow in 
comparison to WT (Supplemental Figure 1B). With age the yellow leaf (YL) phenotype became 
less obvious and green leaves (GL) appeared (Supplemental Figure 1C). Irrespective of 
photoperiod, the chlorophyll levels in rosette leaves from WT were not significantly different, 
however, the newly emerged leaves from ccr2 plants grown under a shorter 8-h photoperiod 
showed a substantial reduction in total chlorophyll (Supplemental Figure 1D). Therefore, by 
reducing the photoperiod we were able to replicate previous reports describing a leaf colour 
variegation phenotype for crtiso mutants in different plants (Isaacson et al., 2002; Chai et al., 
2011). 
Next, we demonstrated that day length affects plastid development in newly emerged leaf 
tissues undergoing cellular differentiation. We were able to replicate the YL phenotype by 
shifting three-week old ccr2 plants from a long 16-h to shorter 8-h photoperiod (Figure 1A-B). 
The newly emerged leaves of ccr2 appeared bright yellow, while leaves that developed under 
a 16-h photoperiod remained green, similar to wild type (Figure 1B). Consistent with the 
phenotype the yellow leaf sectors of ccr2 displayed a 2.4-fold reduction in total chlorophyll 
levels, while mature green leaf sectors formed prior to the photoperiod shift had chlorophyll 
levels similar to that of WT (Figure 1C). The chlorophyll a/b as well as carotenoid/chlorophyll 
ratios were not significantly different (Figure 1C). Consistent with the reduction in chlorophyll, 
total carotenoid content in yellow leaf sectors of ccr2 was reduced due to lower levels of lutein, 
β-carotene and neoxanthin (Figure 1D). The percentage composition of zeaxanthin and 
-119- 
 
antheraxanthin was significantly enhanced in yellow leaf sectors, perhaps reflecting a greater 
demand to enhance photo-protective pigments (Supplemental Figure 1E). But why would a 
shorter photoperiod in the absence of CRTISO activity cause leaf yellowing and reduce 
pigmentation? To address this, we used transmission electron microscopy (TEM) to 
demonstrate that the yellow ccr2 leaf sectors contained poorly differentiated chloroplasts 
lacking membrane structures (e.g. well-formed thylakoid and grana stacks) when compared 
to green leaf tissues from WT (Figure 1E). Therefore, we concluded that a shorter photoperiod 
alters plastid development during cellular differentiation in emerging immature leaves of ccr2. 
A shorter photoperiod promotes cis-carotenoid accumulation and 
alters plastid differentiation 
We next investigated the relationship between photoperiod, perturbations in carotenogenesis 
and plastid development. Green leaf tissues from the Arabidopsis ccr2 mutant have an altered 
proportion of β-xanthophylls at the expense of less lutein, yet plants grown under a longer 
photoperiod show normal plastid development (Park et al., 2002). This raised a question: does 
reducing the photoperiod limit the photoisomerisation of poly-cis-lycopene to all-trans-
lycopene thereby altering lutein, ABA and/or strigolactone biosynthesis? To address this ccr2, 
lycopene epsilon cyclase (lut2; lutein deficient 2), zeaxanthin epoxidase (aba1-3; aba deficient 
1) and carotenoid cleavage dioxygenase 8 (max 4; more axillary branching 4) mutants were 
shifted from a 16-h to 8-h photoperiod (Figure 2A). ccr2 showed a clear leaf-yellowing 
phenotype, while the other mutants produced green leaves similar to that of WT. Therefore, 
we could not attribute the yellow leaf colour to a reduction in lutein or signalling processes 
induced through a perturbation of strigolactone or ABA biosynthesis. 
Next, we tested if the ccr2 yellow leaf phenotype was linked to the accumulation of cis-
carotenoids in the upper part of the pathway prior to lycopene formation. Mutations in PSY, 
PDS and ZDS cause leaf bleaching and are not viable in soil. Alternatively, carotenoid  
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Figure 1. A shorter photoperiod alters plastid development and pigmentation in ccr2. (A) 
Three-week old wild type (WT) and ccr2 plants growing under a 16-h photoperiod. (B) Three-
week old plants were shifted from 16-h to 8-h photoperiod for one week and newly formed 
yellow leaves (YL; yellow outline) emerged from ccr2, while green leaves (GL; green outline) 
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emerged from WT. (C) Average chlorophyll levels and pigment ratios in green (WT and ccr2) 
and yellow (ccr2) leaves formed one week after a photoperiod shift from 16 to 8 h. Standard 
error is shown for TChl (n= single leaf from five plants). Star denotes significant differences (t-
test, P < 0.05). (D) Absolute carotenoid levels in green (WT and ccr2) and yellow (ccr2) leaves 
formed one week after a photoperiod light shift from 16 to 8 h. Values represent average and 
standard error bars are displayed (n= single leaf from five plants). Lettering denotes 
significance (t-test, P < 0.05). Neoxanthin (neo), violaxanthin (viol), antheraxanthin (anth), 
lutein (lutein), zeaxanthin (zea), β-car (β-carotene), Total Chlorophyll A+B (TChl), Chlorophyll 
a/b ratio (Chl a/b), Total carotenoids (TCar). (E) Transmission electron micrograph images 
showing a chloroplast with grana stacks from WT green leaf sectors compared to a typical 
deformed plastid representative from yellow leaf sectors of ccr2. Images and values are 
representative of multiple experimental and biological repetitions. 
 
chloroplast regulator 1 (ccr1 or otherwise known as sdg8; set domain group 8) and ζ-carotene 
isomerase (ziso) mutants are viable and accumulate cis-carotenoid molecules in dark-grown 
etiolated tissues (Cazzonelli et al., 2009b; Chen et al., 2010). Indeed, both ccr1 and ziso 
displayed a partial yellow leaf phenotype near the zone of cellular differentiation (e.g. petiole-
leaf margin). However, unlike ccr2 the maturing leaf tissues green up rapidly making it harder 
to distinguish from that of WT (Figure 2A). The overexpression of the native CRTISO gene 
under control of the CaMV35S promoter in ccr2 and ccr1 mutant backgrounds successfully 
prevented the yellow leaf phenotype from appearing in newly emerged immature leaf tissues. 
Therefore, carotenoid mutants capable of accumulating cis-carotenoids can show an altered 
plastid development when grown under a shorter photoperiod. 
This raised a question: does a shorter photoperiod lead to the accumulation of cis-carotenoids 
in newly emerged leaf tissues of ccr2 displaying alterations in plastid development? Firstly, we 
tested if an extended dark period (6 days) would force the accumulation of cis-carotenoids in 
mature (3 weeks) rosette leaf tissues. Indeed, the adult WT leaves appeared pale green having 
detectable levels of phytofluene and phytoene, while ccr2 leaves were notably yellow having 
clearly discernible quantities of cis-lycopene, neurosporene isomers, ζ-carotene, phytofluene 
and phytoene (Figure 2B). We next shifted three-week old WT and ccr2 plants from a 16-h to 
8-h photoperiod and the yellow sectors from newly emerged ccr2 leaves accumulated 
detectable levels of cis-lycopene, neurosporene isomers, ζ-carotene, phytofluene and 
phytoene (Figure 2C). Interestingly, even when plants were grown under a 16-h photoperiod 
we could detect traces of phytofluene and phytoene in floral buds as well as immature rosette 
leaves from ccr2, but not WT (Figure 2D). In addition, a higher ratio of phytofluene and 
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phytoene relative to β-carotene was observed in newly emerged ccr2 tissues, which coincided 
with a lower percentage of lutein, yet higher percentages of zeaxanthin, antheraxanthin and 
violaxanthin when compared to older more mature tissues (Supplemental Table 1). This led 
us to suspect that phytoene and phytofluene were not involved in signalling plastid 
development as they accumulate in tissues exposed to a 16-h photoperiod that showed 
normal plastid development. In contrast, cis-lycopene, neurosporene isomers and di-cis-ζ-
carotene were not detected in immature ccr2 leaf tissues from plants grown under a 16-h 
photoperiod and are hence more likely to be candidates signalling a perturbation in plastid 
development (Figure 2D). 
To investigate if these cis-carotenoids generate a graft transmissible signal, we performed 
reciprocal hypocotyl grafts between ccr2 and max4 (ccd8). max4 was chosen due to having a 
clearly visible shoot branching phenotype and other than strigolactone, was not expected to 
impact apocarotenoid biosynthesis. Numerous successful grafts showed that the ccr2 scion 
always produced immature yellow leaves when grown under a shorter photoperiod (Figure 
2E). This confirmed that the impaired plastid development in ccr2 was unlikely due to a root 
transmissible signal. Collectively, our findings demonstrate that a shorter photoperiod most 
likely limits photoisomerisation in newly emerged leaf tissues of ccr2 undergoing cellular 
differentiation leading to the accumulation of cis-carotenoids that impair plastid 
differentiation. The question remains: is it really a cis-carotenoid and how does it signal a 
perturbation in plastid development? 
Mutagenesis by way of a forward genetics screen restores plastid 
development in ccr2 
We hypothesized that a cis-carotenoid derived apocarotenoid signal could perturb chloroplast 
differentiation, thereby affecting organelle and/or cellular signaling processes leading to the 
yellowing of newly emerged leaf tissues. Because we could not make use of the homozygous 
lethal pds, psy and zds mutants, we undertook a forward genetics screen. ccr2 seeds were 
mutagenized using ethyl-methane sulfonate (EMS) grown and seeds collected from pools of 
5-10 M1 plants. Approximately 40,000 M2 seedlings from 30 stocks of pooled seeds were 
screened for the emergence of immature green rosette leaves when grown under a 10-h 
photoperiod. Initially, 194 EMS-mutagenized revertant ccr2 (rccr2) lines were identified. 
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However, only 26 reproducibly displayed green immature leaves in response to a photoperiod 
shift as exemplified by rccr2154 and rccr2155 (Figure 3A). Leaf tissues of all rccr2 lines contained 
reduced lutein and a xanthophyll composition similar to ccr2 (Figure 3B). When grown under 
a shorter photoperiod rccr2 lines produced greener rosettes with less yellow colour compared 
to ccr2 and chlorophyll levels were similar to WT (Figure 3C-D). 
In order to establish a segregating population for next generation mapping (NGM) of genetic 
mutations responsible for restoring plastid development in ccr2, rccr2 lines were backcrossed 
to the original ccr2 parent (Col-0) and/or a ccr2 line established in the Landsberg erecta 
background (Lccr2). rccr2 lines contained a recessive trait associated with the emergence of 
green leaf tissues when grown under a shorter photoperiod (e.g. rccr2154 and rccr2155; Figure 
3E). Next generation sequencing (NGS) technologies were used to deep sequence the genomic 
DNA (gDNA) from leaves of homozygous (M2) plants and through using a NGM approach we 
identified non-recombinant deserts in chromosome 1 (360,5576 bp) and chromosome 4 
(6,346,463 bp) for both rccr2155 and rccr2154, respectively (Figure 3F-G). Both non-
recombinant deserts contained SNPs displaying a discordant chastity value of approximately 
1.0 representing the actual causal mutation of interest (Austin et al., 2011). Herein we next 
describe the detailed identification and characterisation of rccr2155 and rccr2154 as well as 
define their role in restoring plastid development in ccr2. 
An epistatic interaction between ziso and ccr2 revealed specific cis-
carotenoids perturb PLB formation 
rccr2155 lacked recombination at the bottom arm of chromosome 1 surrounding a single 
nucleotide polymorphism (G-A mutation at 3606630 bp) within exon 3 of the ZISO gene (639 
bp of mRNA), hereafter referred as ccr2 ziso-155 (Figure 4A). This polymorphism caused a 
premature stop codon leading to a truncated ZISO protein (212 instead of 367 amino acids). 
A double mutant generated by crossing ccr2 with ziso1-4 (ccr2 ziso1-4) confirmed the loss-of-
function in ziso can restore plastid development in newly emerged immature leaves of ccr2. 
The overexpression of the functional ZISO cDNA fragment in ccr2 ziso-155 restored the leaf-
yellowing phenotype displayed by ccr2 plants grown under an 8-h photoperiod (Figure 4B). 
Carotenoid analysis of immature leaf tissues of ccr2 ziso-155 revealed reduced lutein and 
xanthophyll composition similar to ccr2, indicating that the complementation of the YL was  
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Figure 2. Altered plastid development in ccr2 is linked with cis-carotenoid accumulation and 
not to a perturbation in ABA or strigolactone. (A) Mutants that perturb the levels of lutein, 
ABA, strigolactone (SL) and accumulate cis-carotenoids (ccr2, ccr1 and ziso) were grown for 2 
weeks in a 16-h photoperiod and then shifted to a shorter 8-h photoperiod for one week. 
Representative images showing newly emerged immature leaves from multiple experimental 
and biological repetitions (n > 20 plants per line) are displayed. Genetic alleles tested include 
Col-0 (WT), ccr2 (carotenoid isomerase), lut2 (epsilon lycopene cyclase), aba1-3 (zeaxanthin 
epoxidase), max4/ccd8 (carotenoid cleavage dioxygenase 8), ccr1 (set domain group 8) and 
ziso (ζ-carotene isomerase). (B) Carotenoid profiles of rosette leaves from three-week-old 
plants grown under 16-h photoperiod and subjected to a constant dark extension for 6 days. 
(C) Carotenoid profiles of three-week-old rosette leaves from plants grown under constant 8-
h photoperiod. (D) Carotenoid profiles of old (mature) and new (immature) floral buds and 
rosette leaves harvested four weeks after germination. Carotenoid profile traces of various 
tissue extracts from wild type (WT) and ccr2 are shown at wavelengths close to the absorption 
maxima of A440 (all xanthophylls, cis-lycopene, neurosporene and ζ-carotene) as well as A348 
(phytofluene) and A286 (phytoene). violaxanthin/neoxanthin isomers (V/N), violaxanthin (V), 
antheraxanthin (A), lutein (L), poly-cis-lycopene (cis-Lyc), tri-cis-neurosporene (neuro), ζ-
carotene (ζ-C), β-carotene (β-C), lycopene (lyc), phytofluene (p-flu), phytoene (phyt), 
neurosporene isomers (neuro-iso). HPLC traces are representative of multiple leaves from 
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multiple experimental repetitions. (E) Reciprocal hypocotyl grafts between ccr2 and max4 
were performed on plant grown under 16-h photoperiod and after two weeks shifted to 8-h 
photoperiod. Representative images of multiple grafts are displayed. 
 
 
 
Figure 3. A forward genetics screen identifies revertant lines of ccr2 having reduced lutein 
and normal chlorophyll accumulation when grown under a shorter photoperiod. (A) 
Representative images of rccr2155 and rccr2154 rosettes one week after shifting two-week old 
plants from 16-h to 8-h photoperiod. (B) Percentage lutein relative to total carotenoids in 
immature leaves from WT, ccr2 and rccr2 lines. (C) Percentage rosette leaf yellowing in WT, 
ccr2, rccr2154 and rccr2155 rosettes as quantified using a Lemnatec Scanalyser and software. (D) 
Total chlorophyll content in immature rosette leaves from WT, ccr2, rccr2154 and rccr2155. (E) 
Segregation ratios of rccr2154 and rccr2155 after backcrossing to the ccr2 parent from both 
Columbia (Col-0) and Landsberg erecta (Ler) ecotypes. (F) and (G) Next generation sequencing 
of pooled leaf gDNA from a segregating population of rccr2155 (F) and rccr2154 (G) plants 
revealed less recombination surrounding SNPs at 3606630 bp and 6347991 bp, respectively. 
Error bars denote standard error and stars reveal statistical significance (t-test, P < 0.05). 
 
not due to a change in xanthophyll levels (Figure 3B). The epistatic nature between ziso and 
crtiso revealed that a specific cis-carotenoid downstream of ZISO activity perturbed plastid 
development. 
But which of the cis-carotenoids is the substrate to produce an ACS (named ACS2) that 
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perturbs plastid development? Analysis of the cis-carotenoid profile in etiolated seedling 
tissues showed that ccr2 ziso1-4 had an identical carotenoid profile to that of ziso in that it 
could only accumulate 9,15,9’-tri-cis-ζ-carotene, phytofluene and phytoene (Figure 4C). In 
contrast, ccr2 accumulated lower levels of these three compounds, yet higher quantities of 9, 
9’-di-cis ζ-carotene, 7,9,9’-tri-cis-neurosporene, 9’-cis-neurosporene and 7,9,9ʹ,7ʹ-tetra-cis-
lycopene, all of which were undetectable in the ccr2 ziso1-4 and ccr2 ziso-155 mutants (Figure 
4C). Therefore, ziso blocks the biosynthesis of neurosporene isomers, tetra-cis-lycopene and 
9, 9’-di-cis ζ-carotene under shorter photoperiods, which they themselves or their cleavage 
products appear to be able to disrupt plastid development in ccr2 when grown under shorter 
photoperiods. 
How are the specific cis-carotenoids disrupting chlorophyll biosynthesis? To answer this 
question, we examined the plastid structures in WT, ccr2, ziso and ccr2 ziso-155 in etiolated 
cotyledons. As expected all WT cotyledons contained etioplasts having a PLB membrane 
aggregation of semi-crystalline lattices of branched tubules arranged in geometric patterns 
(Figure 4D), while ccr2 lacked the formation of a PLB in all sections examined (Supplemental 
Table 2). We observed 65% of ziso etioplasts contained PLBs (Figure 4D, Supplemental Table 
2), which is not surprising given that ziso mutants show a partial leaf-yellowing phenotype 
(Figure 2A). Intriguingly, the majority (>94%) of etioplasts examined from ccr2 ziso-155 and 
ccr2 ziso1-4 contained a PLB (Supplemental Table 2). These data indicate that specific cis-
carotenoids downstream of ziso can perturb PLB formation in dark grown seedlings. This 
raised a question of whether these cis-carotenoids may also affect chloroplast development 
following deetiolation? 
Cotyledon greening of deetiolated seedlings revealed a significant delay in chlorophyll 
biosynthesis for both ccr2 and ziso1-4 when compared to WT after 24, 48 and 72 h of 
continuous white light (Figure 4E). The reduced levels of chlorophyll in ziso were not as severe 
as ccr2, keeping consistent with ziso showing a slight yellowing phenotype in comparison to 
ccr2 at the margins of newly emerged leaf tissues exposed to shorter photoperiod (Figure 2A). 
Cotyledons of the ccr2 ziso-155 and ccr2 ziso1-4 double mutants accumulated levels of  
-127- 
 
 
Figure 4. ziso alters cis-carotenoid profile to restore PLB formation, plastid development and 
cotyledon greening in ccr2. (A) Schematic structure of the wild type ZISO gDNA, ZISO protein 
and the truncated version of the ZISO-155 genomic sequence. ccr2 ziso-155 contains a G->A 
mutation in AT1G10830 (3606630 bp) as confirmed by Sanger sequencing that results in a 
premature stop codon (TGA) in exon 3. (B) Rosette images of WT, ccr2, ccr2 ziso-155, and ccr2 
ziso-155::ZISO-OE showing leaf pigmentations in newly emerged leaves following a 
photoperiod shift assay. Images are representative of 84/89 T4 generation ccr2 ziso-155 plants 
and multiple plants from six independent lines of ccr2 ziso-155::ZISO-OE. (C) Carotenoid 
profiles of dark grown cotyledons from WT, ccr2, ziso1-4, and ccr2 ziso1-4 etiolated seedlings. 
Wavelengths close to the absorption maxima of A440 (ζ-carotene isomers), A348 (phytofluene; 
insert) and A286 (phytoene; insert) are shown. Neoxanthin (N); violaxanthin (V); lutein(L), β-
carotene (β-C). cis-lycopene isomers (1 and 2) neurosporene (3); 7,9,9‘-tri-cis-neurosporene 
(4) ζ-carotene (5), phytofluene (6), phytoene (7). (D) Transmission electron micrographs of a 
representative etioplast from five-day-old dark grown cotyledons. The etioplasts of WT, ziso 
and ccr2 ziso-155 show well-developed PLBs, while ccr2 does not have any. Images are 
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representative of more than 15 plastids from at least five TEM sections. (E) Total chlorophyll 
levels in cotyledons following de-etiolation. WT, ccr2, ziso1-4, ccr2 ziso-155, and ccr2 ziso1-4 
were grown in darkness for five days, exposed to continuous white light and chlorophyll 
measured at 0 24, 48 and 72 h. Letters denote statistical analysis by ANOVA with a post-hoc 
Tukey test (n > 20 seedlings). Error bars denote standard error. 
 
 
chlorophyll similar to that of WT, 48 and 72 h following deetiolation (Figure 4E). Since the PLB 
is required to carry the precursor pigment for chlorophyll, and chloroplasts in cotyledons 
differentiate mostly from etioplasts, we conclude that a specific cis-carotenoid produced in 
ccr2 prevents PLB formation during skotomorphogenesis, which perturbs plastid development 
during photomorphogenesis. 
The activation of photosynthesis associated nuclear gene expression 
restores PLB formation in ccr2 
Next, we searched for molecular mechanisms by which specific cis-carotenoids might perturb 
PLB formation in ccr2 and how ccr2 ziso-155 might restore plastid development. We 
performed transcriptome analysis on dark-grown etiolated seedlings (ES) and immature 
rosette leaf tissues from WT, ccr2 and ccr2 ziso-155 plants grown under a shorter photoperiod. 
The immature leaves from ccr2 were clearly yellow and impaired in plastid development, 
while immature leaves from WT and ccr2 ziso-155 were green. Irrespective of the tissue type, 
there were 2- to 4-fold less differentially expressed genes in ccr2 (ES;191 and JL;1217) when 
compared to ccr2 ziso-155 (ES;385 and JL;5550) (Supplemental Table 3 and 4). Gene ontology 
(GO) analysis of the miss-regulated genes in both ccr2 tissue types showed enrichment in 
metabolic, photosynthetic and abiotic stress responsive processes. In comparison, there was 
a different enrichment of differentially expressed genes in etiolated tissues of ccr2 ziso-155, 
being mostly involved in responses to hormones, while in immature leaves, the majority of 
genes appeared to be involved in the regulation of biological process and in particularly 
chromatin organization. 
We searched for differentially expressed genes in ccr2 common to both etiolated seedlings 
and leaf tissues (green or otherwise) and noticed a striking downregulation of PhANGs (e.g. 
HY5, DXS, CLB6, GUN5, LHCB1, LHCB2 and RBCS) and upregulation of photomorphogenesis 
associated nuclear genes (PhMoANGs) (e.g. DET1, COP1 and PIF3) (Supplemental Table 5). GO 
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analysis of the 27 differentially expressed genes in both ccr2 tissue types showed a significant 
enrichment in pigment metabolic processes associated with photosynthesis, as well as the 
positive regulation of biological processes. It is not unusual to observe the miss-expression of 
RBCS, LHCB and CAB1 in mutants having impaired plastid development and altered 
pigmentation (Ruckle et al., 2007; Woodson et al., 2011). The up-regulation of COP1/FUS, 
DET1 and PIF3 in ccr2 was intriguing and perhaps indicated a level of feedback regulation due 
to the down-regulation of PhANGs and absence of a PLB.  
Next, we searched for differentially expressed genes in ccr2 that were contra-regulated in the 
ccr2 ziso-155 mutant background (Supplemental Table 5). Interestingly, of the 27 genes miss-
expressed in both tissue types of ccr2, 20 were significantly attenuated or contra-regulated in 
ccr2 ziso-155 leading to the downregulation of PhMoANGs and upregulation of PhANGs 
(Supplemental Table 6). Again, genes involved in biological processes linking photosynthesis, 
responsiveness to light stimulation and functions in metabolic processes to cellular 
components such as the chloroplast were pronounced. In particular, there was a clear 
repression of the DET1, COP1 and PIF3 negative regulators of photomorphogenesis as well as 
the upregulation of HY5, a positive regulator of PhANGs. This finding is consistent with the 
fact that genes miss-expressed in ccr2 ziso-155 leaf tissues were enriched in chromatin 
modifying processes and DET1 via interaction with DDM1 has been shown to control 
chromatin processes that in turn regulate PhANG expression(Lau and Deng, 2012). Analysis of 
genes miss-expressed in the det1 mutant also showed the down-regulation of PIF3, and up-
regulation of some PhANGs (Supplemental Table 6). In summary, our transcriptomics analysis 
links the accumulation of cis-carotenoids to gene regulatory mechanisms that control 
photosynthesis and photomorphogenesis associated nuclear gene expression. 
Activation of photomorphogenesis by det1-154 restores plastid 
development in ccr2 
Next, we searched for rccr2 lines that could provide evidence to link cis-carotenoid signalling 
to photomorphogenesis. rccr2154 was mapped to a mutation in deetiolated 1 (det1), hereafter 
referred as ccr2 det1-154, which restored plastid development in immature ccr2 leaves (Figure 
3). Sequencing of the det1 gDNA identified a G to A point mutation at the end of exon 4 that 
caused the alternative splicing of exon 4, thereby producing a 69 bp shorter DET1 transcript 
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length (Figure 5A; Supplemental Figure 2A). The splicing of exon 4 removed a 23 amino acid 
open reading frame which is predicted to have homology to a six-hairpin glycosidase-like 
domain that may catalyse the transfer of sugar moieties from activated donor molecules to 
specific acceptor molecules (Campbell et al., 1997). Quantitative PCR confirmed that the 
shorter DET1-154 transcript (spliced and missing exon 4) was highly enriched (approx. 200-
fold) in ccr2 det1-154, while the normal DET1-154 transcript (contains exon 4) was repressed 
in ccr2 det1-154 (Supplemental Figure 2B). The above ground phenotypes of ccr2 det1-154 
were consistent with det1-1 (Chory et al., 1989) showing smaller pale green rosette with a 
shorter floral stem height and reduced fertility (Supplemental Figure 2C). The overexpression 
the full length DET1 transcript (CaMV35s::DET1-OE) in ccr2 det1-154 restored the yellowing 
phenotype in ccr2 leaves from plants grown under an 8-h photoperiod (Figure 5B). Therefore, 
alternative splicing of det1 and removal of exon 4 appears sufficient to restore plastid 
development in ccr2 leaves grown under a shorter photoperiod. 
We next investigated how det1-154 can restore plastid development in ccr2. TEM confirmed 
that the dark-grown cotyledons from etiolated ccr2 det1-154 seedlings showed PLBs in 69% 
of etioplasts examined during skotomorphogenesis (Supplemental Table 2, Supplemental 
Figure 2D). Unlike ccr2 ziso-155 which blocked the biosynthesis of specific cis-carotenoids 
attributed to blocking PLB formation (Figure 4C), ccr2 det1-154 accumulated cis-lycopene and 
neurosporene isomers as well as ζ-carotenoid, although the composition of those cis-
carotenoids was altered (Figure 5C; unpublished data in Table 3.2 of Chapter 3), revealing that 
det1-154 restores PLB formation by an alternative mechanism. Interestingly, the activation of 
photomorphogenesis in ccr2 by det1-154, as evident by etiolated seedlings having 
characteristic det1-1 phenotypes such as a shorter hypocotyl, no apical hook and open 
cotyledons (Figure 5D), agrees with our transcriptomic data whereby ccr2 ziso-155 lead to a 
repression of det1 and activation of PhANGs (Supplemental Table 6). As expected the presence 
of a PLB in ccr2 det1-154 dark grown seedlings enabled cotyledons to green normally following 
deetiolation (Figure 5E). Therefore, we can conclude that ccr2 produces a cis-carotenoid 
derived signal that prevents PLB formation during skotomorphogenesis, yet displays no 
obvious phenotypes of photomophogenic mutants (Table 1). However, upon activation of 
photomorphogenesis by det1-154 in ccr2, the PLB becomes restored even in the presence of 
all detectable cis-carotenoids. In conclusion, ccr2 and det1 have different signaling 
mechanisms controlling PLB formation during skotomorphogenesis. 
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Table 1. A cis-carotenoid derived ACS acts downstream of DET1 to control skotomorphogenesis 
 
 
 
Figure 5. det1 restores PLB formation, plastid development and cotyledon greening in ccr2. 
(A) Schematic structure of the wild type DET1 gDNA, DET1 protein, SNP confirmation and 
alternative spliced DET1-154 protein. A G->A mutation at the end of exon 4 (1,449 bp) of 
AT4G10180 (6,347,991 bp) was confirmed by sanger sequencing that leads to the skipping of 
exon 4 (69 bp). The DET1-154 splice variant produces a shorter protein (521 aa). Exon 4 
comprises exactly 23 amino acids containing homology to the six-hairpin glycosidase-like 
(IPR008928) domain. (B) Rosette images of WT, ccr2, ccr2 det1-154, and ccr2 det1-154::DET1-
OE showing leaf pigmentations in newly emerged leaves following a 16-h to 8-h photoperiod 
shift assay. Images are representative of 122/149 T1 generation ccr2 det1-154 plants from 
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twelve independent lines surviving Basta herbicide selection after being transformed with 
pEARLEY::DET1-OE. (C) Carotenoid profiles of dark grown cotyledons from WT, ccr2, and ccr2 
det1-154 etiolated seedlings. Wavelengths close to the absorption maxima of A440 (ζ-
carotene isomers) show neoxanthin (N); violaxanthin (V); lutein (L), β-carotene (β-C) in WT 
and cis-lycopene isomers (1 and 2) neurosporene (3), 7,9,9‘-tri-cis-neurosporene (4) and ζ-
carotene (5) in ccr2 det1-154. (D) Etiolated seedling morphology of WT, ccr2 and ccr2 det1-
154. Seedlings were grown in the dark for four days on MS media without sucrose. 
Representative images (>100 seedlings from independent experiments) depict a typical apical 
hook for WT and ccr2, and shorter hypocotyl with open cotyledons for ccr2 det1-154. (E) 
Chlorophyll levels in cotyledons following de-etiolation. ccr2, det1-154 and WT were etiolated 
for 5 days in darkness and thereafter exposed to continuous white light. Chlorophyll 
measurements were taken at 0 24, 48 and 72 h after deetiolation. Letters denote statistical 
analysis by ANOVA with a post-hoc Tukey test (n > 20 seedlings). Error bars denote standard 
error. 
 
D15 inhibition of carotenoid cleavage activity reveals a cis-
carotenoid derived apocarotenoid signal controls PLB formation 
A question remained as to whether the accumulation of specific cis-carotenoids lead to the 
production of ACS2? cis-carotenoids are hydrophobic metabolites and oxidative cleavage by 
enzymatic activity would be likely necessary to enable a plastid–derived cis-carotenoid to 
become a mobile ACS that could somehow regulate PLB formation. We initially crossed ccr2 
to carotenoid cleavage dioxygenase loss-of-function mutants; ccd1, ccd4, ccd7 (max3) and 
ccd8 (max4) and tested if plants exposed to a shorter photoperiod would revert the leaf-
yellowing phenotype characteristic of ccr2. We analysed more than 10 plants for each of the 
ccr2 ccd double mutant lines and observed a perturbation in plastid development in >93% of 
plants, each displaying clearly visible yellow leaves similar to ccr2 (Supplemental Figure 3A-B). 
We concluded that no single ccd mutant was sufficient to block the production of any cis-
carotenoid derived ACS metabolite, however there is a degree of functional redundancy 
among family members, as well as multiple cleavage activities and substrate promiscuity (Hou 
et al., 2016). 
To address this challenge, we decided to utilise the aryl-C3N hydroxamic acid compound, D15, 
a good inhibitor of 9,10 cleavage enzymes (CCD) rather than 11,12 cleavage enzymes (NCED) 
(Van Norman et al., 2014). Exogenous application of D15 to nodes in Arabidopsis yielded 
strigolactone deficient phenotypes (from MAX3 and MAX4 inhibition), but not ABA-deficient 
symptoms (Sergeant et al., 2009). D15 is not soluble in water and does not easily penetrate 
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leaf tissues but seedling roots can absorb D15 from MS media (Sergeant et al., 2009; Van 
Norman et al., 2014). Therefore, using TEM we imaged etioplasts from dark grown WT and 
ccr2 etiolated seedling tissues treated with D15. The majority (86%) of ccr2 etioplasts 
displayed a PLB, whilst in control treatments ccr2 etioplasts showed no discernible PLB (Figure 
6A; Supplemental Table 2). D15 had no significant effect on PLB formation in ziso1-4, which 
was still slightly perturbed (Supplemental Table 2). These data indicate that ACS2, derived 
from a specific cis-carotenoid produced downstream of ziso, appears to be controlling PLB 
formation in ccr2. 
Previously, it was thought that a cis-carotenoid produced by ccr2 was structurally perturbing 
PLB formation as PChlide levels were normal (Park et al., 2002) and blocking carotenoid 
biosynthesis using norflurazon (NFZ) treatment was sufficient to rescue PLB formation 
(Cuttriss et al., 2007). The PChlide levels in WT and ccr2 after D15 treatment were similar, 
despite the presence of cis-carotenoids and a PLB in ccr2 (Figure 6B). As expected etiolated 
ccr2 seedlings grown on D15-treated MS media accumulated chlorophyll in cotyledons within 
24 h of continuous light treatment following deetiolation in a manner similar to WT (Figure 
6C).  Therefore, a normal PLB is necessary to promote the re-greening of cotyledons and ccr2 
perturbs PLB formation independent of PChlide biosynthesis. In conclusion, chemical 
inhibition of CCD activity using D15 provides new evidence for the existence of an 
apocarotenoid likely derived from cleavage of a cis-carotenoid downstream of di-cis-ζ-
carotene at the 9,10 position, that plays a regulatory role in the earliest steps of PLB formation 
during skotomorphogenesis and hence plastid development during deetiolation. 
ACS2 posttranscriptionally up-regulates POR protein levels when 
transcript levels are low 
Then what is the mechanism by which ACS2 controls PLB formation during 
skotomorphogenesis? To address this, we examined the effect of D15 on POR protein and 
transcript levels in WT, ccr2 and ccr2 det1-154 etiolated seedlings. We firstly quantified 
PORA/B protein levels in dark grown seedlings treated with or without D15 and compared the  
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Figure 6. The carotenoid cleavage inhibitor, D15, restores PLB formation in etiolated ccr2 
seedlings and cotyledon greening following deetiolation. (A) Transmission electron 
micrographs of a representative etioplast from five-day-old dark grown cotyledons reveal a 
well-developed PLB in ccr2 treated with the carotenoid cleavage inhibitor D15, but not in ccr2 
treated with ethanol only (control; ctrl). (B) Pchlide levels in Wild Type (WT) and ccr2 treated 
+/- D15. Fluorescence was measured at 638 nm and 675 nm with an excitation at 440 nm. Net 
fluorescence of Pchlide was calculated and normalised to protein content. (C) D15 restores 
chlorophyll accumulation in ccr2 de-etiolated seedlings exposed to continuous light. Twenty 
seedlings from each of three biological replicates were harvested for chlorophyll 
determination in every 12 h under continuous light. Ethanol-only was included as a control 
treatment to dissolve the D15. Statistical analysis was by ANOVA with a post-hoc Tukey test (n 
= 20 seedlings).  
 
 
band intensity relative to the actin control protein (molecular weight of 41.6 kD) (Figure 7A-
B). The Arabidopsis PORA/B proteins were detected in Arabidopsis as a single immunoreactive 
signal (PORA; 37 kDa, and PORB; 36 kD) (Sperling et al., 1998; Park et al., 2002; Paddock et al., 
2012) (Figure 7A). The POR levels were not significantly different in WT following D15 
treatment. A subtle yet significant increase in POR was observed in ccr2 and D15 treatment 
reduced POR back to WT levels highlighting a likely role for ACS2 in regulating POR protein 
levels (Figure 7A-B). This was exemplified by a substantial 80% reduction in POR protein levels 
-135- 
 
in ccr2 det1-154 following D15 treatment, and is in agreement with previous studies that 
protein and transcript levels of POR were dramatically reduced in a det1 mutant (Sperling et 
al., 1998). Therefore, it seems that ACS2 acts downstream of det1 to control POR protein levels. 
We next examined if ACS2 regulates POR protein levels at the transcriptional and/or 
posttranslational level? PORA and PORB mRNA and protein levels are present at relatively high 
levels in etiolated seedlings, becoming down-regulated upon exposure to white light induced 
photomorphogenesis (Armstrong et al., 1995) and were previously shown to be down-
regulated in det1 and cop1 mutants (Sperling et al., 1998). PORA has been described as the 
major enzyme required for chlorophyll production (Paddock et al., 2010). We quantified 
transcript levels of PORA and PORB transcripts and while we observed a slight reduction in 
response to D15 treatment of WT etiolated seedlings, there was a striking repression of PORA 
and PORB in ccr2 det1-154 irrespective of D15 treatment. Collectively, our evidence has 
identified that ACS2 acts downstream of DET1 to posttranscriptionally regulate PORA and 
PORB protein levels, despite having negligible effects on POR transcript levels (Figure 7C). 
DISCUSSION 
Seasonal photoperiods link cis-carotenoids to leaf yellowing and 
altered plastid development  
Determining a function for cis-carotenoids has been challenging as apart from some fruits (e.g. 
tomato and melon) and mutant etiolated tissues (Isaacson et al., 2002; Park et al., 2002), cis-
carotenoids tend not to accumulate at detectable levels in photosynthetic tissues. cis-
carotenoids may be more than just a by-product from inefficient carotenoid biosynthesis, as 
several reports now link their accumulation to the control of PSY gene expression and epistasis 
in tomato colour (Kachanovsky et al., 2012), 5’UTR mediated translational control of PSY 
protein abundance (Kachanovsky et al., 2012; Alvarez et al., 2016), and leaf development in 
Arabidopsis(Avendano-Vazquez et al., 2014). These reports highlight that cis-carotenoids as 
signals themselves or as substrates for apocarotenoid biosynthesis may control development, 
organelle signaling and molecular feedback regulation. However, determining a physiological 
function for cis-carotenoid accumulation in planta has been confounded as it is unknown 
which prevailing environmental condition can facilitate their accumulation in a tissue-specific 
manner. Interestingly, carotenoid isomerase mutants from different plant species all share a  
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Figure 7. Chemical inhibition of CCD activity identifies a ccr2 generated apocarotenoid signal 
that acts downstream of det1-154 to post-transcriptionally regulate POR protein levels. (A) 
Representative image of a western blot showing POR and Actin protein levels. Proteins were 
extracted from WT, ccr2 and ccr2 det1-154 etiolated seedlings grown on MS media (Ctrl) or 
media containing D15. (B) Quantification of the average of three biological western blots 
normalised against actin as a protein loading control. ImageJ was used to quantify bands and 
statistical analysis performed using a two-way ANOVA with post-hoc Tukey test. Stars signify 
significant differences. Error bars represent standard error (n=3). (C) Transcript levels of PORA 
and PORB in WT, ccr2 and ccr2 det1-154 etiolated seedlings growing on control (Ctrl) MS 
media or containing D15. Statistical analysis was confirmed by ANOVA (Two-Factor With 
Replication) followed by with a post-hoc test. Error bars represent standard error. 
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Figure 8. Model describing how ACS2 affects PLB formation during skotomorphogenesis and 
chloroplast biogenesis during photomorphogenesis. In the dark, ccr2 accumulates specific 
poly-cis-carotenes that generate ACS2 via CCD activity. During skotomorphogenesis, 
production of ACS2 post-transcriptionally enhances POR protein translation to maintain 
PChlide levels, yet ACS2 also inhibits “Factor X” required for PLB formation. Factor X might 
represent a retrograde signal, hormone, gene and/or protein. NFZ and ziso-155 block the 
biosynthesis of di-cis-ζ-carotene, neurosporene isomers and tetra-cis-lycopene, which are 
likely substrates for the biosynthesis of ACS2. Chemical inhibition of CCD activity by D15 blocks 
the production of the ACS2. The det1-154 splice mutant activates photomorphogenesis and 
PhANGs thereby promoting PLB formation, chloroplast development and chlorophyll 
biosynthesis in newly emerged leaves grown under a shorter photoperiod. Green lines 
represent positive regulation and red lines represent negative inhibition. PSY, phytoene 
synthase; PDS, phytoene desaturase, ZDS, ζ-carotene desaturase; ZISO, ζ-carotene isomerase; 
CRTISO, carotenoid isomerase; det1-154, Deetiolated1; D15, inhibitor of CCD activity; CCD, 
carotenoid cleavage dioxygenase; ccr2, CRTISO mutant. 
 
 
leaf phenotype consisting of yellow and green transition sectors, that become prominent 
depending upon the growth season. We have taken advantage of using the Arabidopsis crtiso 
mutant (Park et al., 2002), known to accumulate cis-carotenoid species in dark-grown 
etiolated tissues, to identify which photosynthetic tissues accumulate cis-carotenoids and 
determine the seasonal factor causes leaf yellowing. 
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Here we demonstrate that photoperiod and hence the duration of darkness, is one major 
contributing factor that can enhance cis-carotenoid accumulation in photosynthetic tissues. 
Newly developed floral buds and leaves from ccr2 accumulated trace levels of phytoene and 
phytofluene when plants were grown under a long photoperiod (Figure 2B and D). However, 
high levels of these cis-carotenoids as well as ζ-carotene, neurosporene isomers and tetra-cis-
lycopene accumulated when plants were exposed to a shorter photoperiod or extended 
darkness (Figure 2C). This could be explained by a higher PSY promoter activity resulting in a 
build-up of non-metabolized intermediates during higher phytoene flux in younger tissues 
(Welsch et al., 2003). The accumulation of cis-carotenoids in tissues undergoing rapid cell 
division (apical meristems) and cellular meiosis (pollen grain in floral bud) is mirrored by a 
stronger expression pattern for CRTISO in these tissues (Cazzonelli et al., 2010). Perhaps the 
higher abundance of cis-carotenoids in younger tissues reflects a role for themselves or their 
apocarotenoid derivatives in cellular programming events (Cazzonelli et al., 2009b). 
Nonetheless, it is clear that CRTISO activity must be strictly controlled in newly developing 
tissues to maintain cis-carotenoid levels and hence maintain carotenoid flux through to the 
epsilon- and beta-carotenoid branches in the pathway. 
In Arabidopsis, the accumulation of cis-carotenoids during skotomorphogenesis caused the 
absence of a PLB to form in etioplasts, thereby delaying cotyledon greening following 
deetiolation (Park et al., 2002). Arabidopsis rosette leaves that emerged from ccr2 plants 
grown under a shorter photoperiod contained yellow and green leaf transition sectors with 
cells containing pseudo-chloroplasts (Figure 1A-C and E), reminiscent of a virescent phenotype 
described for other plant species, defective in CRTISO activity. The altered plastid 
development in ccr2 was not attributed to a block in lutein, strigolactone, ABA or alteration in 
xanthophyll composition, and furthermore the leaf-yellowing phenotype was not graft 
transmissible (Figure 1D; Figure 2A and E; Supplemental Figure 1E). Since the ccr2 ziso-155 
double mutant can limit the biosynthesis of specific cis-carotenoids (e.g. ζ-carotene, 
neurosporene isomers and tetra-cis-lycopene) and restore plastid development in greening 
leaves as well cotyledons following de-etiolation (Figure 3A, C-D; Figure 4B-C, E), we reasoned 
that the yellowing phenotype was linked to the accumulation of specific cis-carotenoids. In 
the rice zebra2/crtiso mutant the leaf-yellowing phenotype was attributed to the 
photoperiodic accumulation of tetra-cis-lycopene and the simultaneous generation of singlet 
oxygen (Han et al., 2012). Yellow leaf tissues impaired in plastid development would be 
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expected to accumulate singlet oxygen. However, leaf yellowing is not always linked to 
seasonal photoperiod changes or cis-carotenoid accumulation and it seems likely that in this 
case the impairment in plastid development manifests in the production of singlet oxygen. 
Therefore, we concluded that the shorter photoperiod and extended darkness enhance the 
accumulation of specific cis-carotenoids causing a perturbation in plastid development from 
which the generation of singlet oxygen manifests causing leaf yellowing. 
Extended dark limits photoisomerisation causing specific cis-
carotenoids to accumulate 
This raised the question of how a shorter photoperiod might cause the accumulation of cis-
carotenoids and which cis-carotenoids perturb plastid development? There are two isomerase 
reactions during cis-carotenoid biosynthesis, tri-cis-ζ-carotene to di-cis-ζ-carotene and tetra-
cis-lycopene to all-trans-lycopene mediated by ZISO and CRTISO, respectively  (Masamoto et 
al., 2001; Giuliano et al., 2002; Park et al., 2002; Chen et al., 2010). Enzymatic isomerisation is 
necessary during skotomorphogenesis and in the absence of light. However, in both ziso and 
crtiso Arabidopsis mutants when photoperiod is sufficient the phenomena of 
photoisomerisation occurs, controlling cis-carotenoid accumulation. These two isomerase 
mutants do not share the same intensity of yellowing in newly emerged leaves. A moderately 
shorter photoperiod induces signs of leaf yellowing in ccr2, but not ziso (unpublished data). 
Under extended dark or very short photoperiods, ccr2 leaves become strongly virescent, while 
ziso leaves display mild yellowing (Figure 2A). Similarly, ziso and ccr2 etiolated cotyledons 
show different degrees of plastid development. During skotomophogenesis, ziso etioplasts 
produce normal PLBs in 66% of the cells observed, while ccr2 does not produce any PLBs 
(Supplemental Table 2; Figure 4D). ccr2 cotyledons show a severe delay in greening following 
deetiolation, while ziso cotyledons show only a partial delay in greening (Figure 4E). There are 
two plausible options: photoisomerisation of tri-cis-ζ-carotene to di-cis-ζ-carotene is more 
efficient than tetra-cis-lycopene to all-trans-lycopene under a reduced lighting duration, or a 
specific cis-carotenoid downstream of tri-cis-ζ-carotene perturbs plastid development 
thereby inducing leaf yellowing. Therefore, photoisomerisation can be rate-limiting 
depending upon the photoperiod and age of tissue, which affects the accumulation of specific 
cis-carotenoids that have a physiological function controlling plastid development.  
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We provided direct evidence through the epistatic interaction of ZISO and CRTISO that 
neurosporene and tetra-cis-lycopene isomers or maybe even 9, 9’-di-cis ζ-carotene are the 
specific cis-carotenoids that accumulate in tissues of ccr2, but not ziso, and perturb PLB 
formation thereby delaying cotyledon greening following de-etiolation (Figure 4C-E; 
Supplemental Table 2). Treatment of etiolated seedlings with NFZ restored PLB formation in 
ccr2 etioplasts (Cuttriss et al., 2007), highlighting that phytoene accumulation, the absence of 
xanthophylls or an altered carotenoid composition were not the cause of the PLB perturbation 
observed in ccr2. The accumulation of neurosporene and its isomers in ccr2 are in agreement 
with a previous finding where the silencing of CRTISO in tomato fruit tissues insensitive to 
photoisomerisation led to the accumulation of neurosporene isomers (Fantini et al., 2013). 
Both neurosporene and tetra-cis-lycopene isomers were implicated as potential substrates for 
cleavage into a signaling metabolite that controls PSY gene and/or protein expression levels 
(Kachanovsky et al., 2012; Alvarez et al., 2016). These cis-carotenoids can be found to 
accumulate in newly emerged yellow leaf tissues of ccr2 plants growing under a shorter 
photoperiod (Figure 2C-D). It also seems reasonable that the loss-in-function of ziso also 
forced the accumulation of di-cis-ζ-carotene. Isomers of di-cis-ζ-carotene were described as 
products and/or substrates in the plant poly-cis-carotenoid biosynthetic pathway to lycopene 
(Breitenbach and Sandmann, 2005) and are implicated in controlling leaf development 
(Avendano-Vazquez et al., 2014). We did not observe any obvious effect of a shorter 
photoperiod on ccr2 rosette leaf development. Therefore, we conclude that di-cis-ζ-carotene, 
neurosporene and tetra-cis-lycopene or their isomers are the candidate cis-carotenoids 
accumulating in ccr2 that perturb thylakoid membrane integrity and the lattice like formation 
of the PLB in the ccr2 mutant. 
ACS2 regulates nuclear gene expression and plastid development   
Although there is strong evidence to implicate the existence of cis-carotenoid derived 
apocarotenoid signaling metabolites having regulatory functions, they are yet to be 
characterised (Hou et al., 2016). It would appear that the cis-carotenoids themselves are not 
membrane bound structural regulators of PLB formation as previously proposed (Park et al., 
2002), rather they are substrates for a apocarotenoid signal? The chemical inhibition of CCD 
activity by D15 restored PLB formation in ccr2 etioplasts, despite the accumulation of cis-
carotenoids (Figure 6; Supplemental Table 2). While D15 did not affect PChlide levels in WT or 
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ccr2, it did reduce POR protein levels in etiolated cotyledons from ccr2. Therefore, ccr2 
appears to make an a cellular mobile retrograde apocarotenoid signal.  It was previously 
shown that the CCD4 mutant could rescue leaf development and the retrograde control over 
gene expression in zds mutants that accumulated di-cis-ζ-carotene, in addition to tri-cis-ζ-
carotene and phytofluene (Avendano-Vazquez et al., 2014). The ccr2 ccd4 double mutant did 
not restore plastid development (Supplemental Figure 3) allowing us to conclude that the ACS 
mediating the needle like leaf development in zds/clb5 mutants is unlikely to be the same as 
that controlling plastid development in ccr2. The accumulation of tri-cis-neurosporene or 
7,9,9ʹ,7ʹ-tetra-cis-lycopene were shown to be preferred substrates of in vitro CCD7 enzymatic 
cleavage at the 9,10 positions (Bruno et al., 2016). However, the loss-in-function of ccd7 was 
not sufficient to restore plastid development in ccr2. Similarly, ccd1 and ccd8 were also not 
sufficient to restore plastid development in ccr2. Evidently, there could be redundancy among 
two or more CCDs in generating a ccr2 derived ACS. Our future experiments will focus on 
testing this hypothesis and identifying the identity of ACS2.  
Hypocotyl and floral meristem grafting studies demonstrated that ccr2 was not generating a 
mobile signal that moved from root to shoot or from shoots to the floral meristem (Figure 2E). 
To assess its potential to control intracellular processes, we undertook in depth analysis of the 
transcriptome from dark grown etiolated and leaf tissues which had altered and restored 
plastid development. Interestingly ccr2 lacking a PLB, displayed a transcript profile having a 
significant upregulation of genes involved in photomorphogenesis, which would lead to a 
down-regulation of PhANG gene expression (Supplemental Table 6). The restoration of the 
PLB in the ccr2 ziso double mutant conversely downregulated key gene involved in 
photomorphogenesis such as DET1, PIF3 and COP1, which lead to the upregulation of PhANG 
expression and other genes involved in retrograde gene expression (Supplemental Table 6). 
This is consistent with photomorphogenesis mutants like det1 regulating PhANG expression 
(Schroeder et al., 2002), and substantiates that a cis-carotenoid derived signal is involved in 
the control of plastid signalling pathways downstream of photomorphogenesis. The 
downregulation of expression of some PhANGs in ccr2 was similarly observed in the zds/clb5 
mutant that accumulates phytofluene and ζ-carotene (Avendano-Vazquez et al., 2014). 
Mutants disrupting cis-carotenoid accumulation hence may have overlapping roles in 
disrupting plastid development. The down-regulation of DET1, PIF3 and COP1 in ccr2 ziso 
(Supplemental Table 6) revealed that the cis-carotenoid derived ACS2 targets the regulation 
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of genes involved in PhMoANG expression thereby playing a key role in controlling PLB 
formation during skotomorphogenesis. This raised the question as to what might be the key 
gene regulatory target of ACS2 and how it might control PLB formation during 
skotomorphogenesis. 
ACS2 signals downstream of DET1 to posttranscriptionally regulate 
POR 
DET1 encodes a nuclear protein acting downstream from the phytochrome photoreceptors to 
regulate light driven seedling morphogenesis and PhANG expression (Schroeder et al., 2002). 
It has been suggested that det1 up-regulates carotenoid levels and affects chromoplast 
development in tomato (Kilambi et al., 2013). A model has been proposed whereby DET1 and 
the chromatin regulator DDB1, negatively regulate the expression of hundreds of genes via 
chromatin interactions (Lau and Deng, 2012). DET1 interacts with COP1, to limit promoter 
access and transcription factor availability, respectively (Schroeder et al., 2002; Lau and Deng, 
2012). In response to light stimulation during de-etiolation, the rapid down-regulation of DET1, 
leads to the repression of other PhMoANGs (e.g. COP and PIF genes) and up-regulation of 
PhANGs (Benvenuto et al., 2002). Whereas det1 null alleles are lethal following germination, 
weaker alleles survive and exhibit various phenotypes as adults, including open cotyledons 
and shorter hypocotyls in dark grown seedlings as well as a pale coloured rosette and poor 
fertility in light grown plants (Chory et al., 1989). The transcriptomic profile of ccr2 ziso-155 
revealed some similarity to the det1-1 mutant in terms of differentially expressed PhANGs as 
well as reduced DET1 and PIF3 levels, however it did not show any classical photomorphogenic 
phenotypes (Supplemental Table 6). The ccr2 det1-154 splice mutant did however display 
det1-like phenotypes similar to those previously described (Figure 5D; Supplemental Figure 
2C) (Chory et al., 1989). det1-154 is a partial loss-of-function det1 mutant allele producing a 
smaller peptide due to the alternative splicing that skips a highly conserved 4th fourth exon, 
that may play some important role in promoting genome wide chromatin interactions (Figure 
5A; Supplemental Figure 2A-B). Intriguingly, ccr2 restored PLB formation in det1-154 
(Supplemental Figure 2D) yet det1-1/cop1 mutants do not contain a PLB nor do they generate 
normal levels of POR or PChlide (Sperling et al., 1998). This evidence leads us to hypothesise 
that ccr2, which does not have a PLB, yet contains normal POR and PChlide levels, was 
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providing a cis-derived apocarotenoid signal that could act downstream of det1-154 to restore 
PLB formation. By this analogy, the presence of the cis-carotenoid itself would not be 
responsible for structurally perturbing the PLB formation as was originally proposed (Park et 
al., 2002) since ccr2 det1-154 still contains cis-carotenoids. Therefore, the mechanisms by 
which ccr2 perturbs PLB formation whilst having normal POR and Pchlide levels and how D15 
restores PLB formation in ccr2 remains a mystery open for future investigation. Perhaps, there 
is another ACS that regulates PLB formation directly or indirectly, which det1-154 may be able 
to bypass, an area of research requiring further investigation beyond the scope of this work. 
What is clear is that ccr2 generates ACS2 restoring PLB formation in det1-154.  
Previous studies showed that PLB formation in cop1 mutants could be restored by the 
overexpression of PORA (Sperling et al., 1998). Therefore, we reasoned that POR could be the 
downstream target of the ccr2 generated ACS2. Indeed, we observed ccr2 to enhance POR, 
although not to a significant extent (Figure 7A-B). The fact that D15 treated etiolated ccr2 
seedlings could reduce POR protein levels in ccr2 back to wild type levels, yet have no effect 
on POR transcription provided evidence that some post-transcriptional feedback mechanism 
underpinned the regulation by ACS2 (Figure 7). The posttranscriptional regulation of PORA 
has been previously reported (Paik et al., 2012). The treatment of ccr2 det1-154 with D15 was 
sufficient to block plastid development and POR protein levels, yet POR transcript levels 
remained unchanged and almost absent. Therefore, we propose that a ccr2 derived cis-
carotenoid cleavable by CCD activity generates ACS2 that moves out of the chloroplast to post-
transcriptionally enhance POR protein levels even when POR transcript levels are barely 
detectable. So how and why might ACS2 regulate POR protein levels? 
The negative effect of light on PORA is mediated at three different levels. 1) The PORA mRNA 
declines, 2) the plastids may lose their translational capacity or efficacy in their ability to 
import POR and/or, 3) PORA may become destabilised in illuminated seedlings (Sundqvist and 
Dahlin, 1997). POR possesses several features: it has a light-dependent catalytic activity; it can 
accumulate in plastids of dark-grown angiosperms (etioplasts) via binding to the Pchlide 
substrate, and the POR complex requires NADPH acts as a cofactor to form the PLBs (Masuda 
and Takamiya, 2004). NFZ was previously shown to rescue the PLB in ccr2, substantiating that 
ACS2 can prevent PLB formation, yet maintain wild type POR levels (Park et al., 2002; Cuttriss 
et al., 2007). Perhaps, the accumulation of cis-carotenoids under specific conditions when 
CRTISO activity or photoisomerisation are rate-limited (e.g. absence of SDG8; (Cazzonelli et 
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al., 2009b), aid the generation of ACS2 that suppresses PLB formation and plastid 
development, yet maintains higher levels of POR (Figure 7A-B) to help prime and/or slow 
chloroplast biogenesis until the environmental conditions become more favourable. 
Obviously photoperiod represents an environmental condition that triggers reproductive 
development and interestingly, the chromatin regulator SDG8, a major regulator of flowering 
time in Arabidopsis, is required for permissive expression of CRTISO (Cazzonelli et al., 2009a). 
PORA has been proposed to play a special role in the formation of POR ternary complexes 
containing photoactive Pchlide-F655, PLB assembly, and protection against photo-oxidative 
damage caused by non-photoactive Pchlide (Reinbothe et al., 1996). Indeed, our evidences 
clearly demonstrate that POR is the likely target of regulation by ACS2. Perhaps ACS2 perturbs 
the POR ternary complex or posttranscriptional regulation mediated by det1. Alternatively, 
ACS2 may prevent the import of POR protein into the chloroplast, affect POR activity and/or 
binding to the Pchlide substrate. The mechanism by which ACS2 posttranscriptionally 
regulates POR has become the focus of our future investigations. In conclusion, herein we 
provide new evidence that the cis-carotenoid derived ACS2 signals the nucleus in a retrograde 
manner to control PLB formation through the posttranscriptional regulation of POR protein 
levels during skotomorphogenesis and affects chloroplast biogenesis during 
photomorphogenesis (Figure 8). 
METHODS 
Please refer to chapter 2: Materials and Methods. All related methods have been included in 
chapter 2 and for submission. They will be slightly amended to meet the requirements of the 
journal. 
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SUPPORTING INFORMATION 
Supplemental Table 1. Immature ccr2 tissues have cis-carotenoids and altered xanthophyll 
composition. 
 
Percentage of individual carotenoid levels relative to the total carotenoid content. Ratios of 
phytoene and phytofluene are relative to β-carotene. Data represent the average and 
maximum standard deviation (SD) for two biological replicates. Similar results were observed 
in independent experiments. Greyed highlighted values represent notable differences in 
younger tissues. β-C; β-carotene, Zea; zeaxanthin, anth; antheraxanthin, Viol; violaxanthin, 
neo; neoxanthin, phyt; phytoene, p-flu; phytofluene. ND; not determined. 
 
Supplemental Table 2. Supplemental Table 2. D15 and ziso-155 restore PLBs in ccr2 etiolated 
cotyledons. 
 
PLB formation was examined in WT, ccr2, ziso, ccr2 ziso and ccr2 ziso-155 cotyledons 9 DAG in the 
dark. D15 (CCD inhibitor), EtOH (control solvent for dissolving D15) and/or H2O was added to the 
growth media. 
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Supplemental Table 3. Transcriptomic analysis of WT, ccr2 and ccr2 ziso-155 etiolated tissues. 
See the electronic attachment Supplemental Table 3 in Chapter 4-HX PhD thesis.xlsx.  
 
Supplemental Table 4. Transcriptome analysis of WT, ccr2 and ccr2 ziso-155 immature leaf 
tissues. See the electronic attachment Supplemental Table 4 in Chapter 4-HX PhD thesis.xlsx. 
 
Supplemental Table 5. Significantly expressed genes regulated in ccr2 and contra-regulated 
ccr2 ziso-155 that are common to both etiolated and immature leaf tissues. See the 
electronic attachment Supplemental Table 5 in Chapter 4-HX PhD thesis.xlsx.
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Supplemental Table 6. Differentially expressed genes in etiolated seedlings & young leaves of ccr2 that are contra-regulated in ccr2 ziso-155. 
 
 Notes: NS; not significant, CP; chloroplast, PS; photosynthesis, LR; light response, MR; metabolic response. 
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Supplemental Figure 1. 
 
Supplemental Figure 1. A shorter photoperiod promotes leaf colour variegation affecting 
chlorophyll levels and carotenoid composition in ccr2. (A) WT and ccr2 plants were grown 
under a 16-h photoperiod (50 µE light intensity) and representative images taken 14 DAG. (B) 
and (C) WT and ccr2 plants were grown under a continuous 8-h photoperiod (150 µE light 
intensity) and representative images taken 14 and 21 DAG, respectively. (D) Chlorophyll 
content in immature leaves that recently emerged from WT and ccr2 rosettes 14 DAG. Values 
represent the average and standard deviations of total chlorophyll content (mg/gfw) from a 
single leaf sector (n=2-7 plants). Lettering denotes significance (t-test, P < 0.05). (E) Percentage 
carotenoid composition (relative to total) in green (WT and ccr2) and yellow (ccr2) leaves 
formed one week after a photoperiod light shift from 16 to 8 h. Values represent average and 
standard error bars are displayed (n=single leaf from 5 plants). Lettering denotes significance 
(t-test, P < 0.05). Neoxanthin (neo), violaxanthin (viol), antheraxanthin (anth), lutein (lutein), 
zeaxanthin (zea), β-car (β-carotene), Green Leaf (GL), Yellow Leaf (YL). 
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Supplemental Figure 2. 
 
Supplemental Figure 2. Characterisation of det1-154 splicing and mutant phenotypes. (A) 
Reverse transcription PCR confirms alternative splicing of exon 4 in ccr2 det1-154 leaf tissues. 
Primers span exon 4 to amplify the spliced (125 bp; ccr2 det1-154) or unspliced (194 bp: WT 
and ccr2) amplicons. DET1 complementary DNA was reverse transcribed from WT and ccr2 
det1-154 mRNA and cloned into TOPO vector to validate the unspliced (+E4; plus exon 4) and 
spliced (-E4; minus exon 4) amplicon transcript lengths, respectively. The H2O lane serves as a 
negative control and the 100 bp ladder confirms fragment sizes. (B) Quantification of 
unspliced (+E4) and spliced (-E4) DET1 mRNA transcript levels in WT and ccr2 det1-154 leaf 
tissues, respectively. Standard error bars are shown (n=4). (C) ccr2 det1-154 displays det1 
phenotypes, including a small pale green rosette, shorter floral architecture and partially 
sterility in comparison to WT and ccr2. (D) Transmission electron micrographs of a 
representative etioplast from five-day-old dark grown cotyledons showing a well-developed 
PLB in ccr2 det1-154 compared to ccr2, which lacks a PLB. 
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Supplemental Figure 3. 
 
Supplemental Figure 3. The loss-of-function of single CCDs cannot restore PLB formation in 
ccr2. A photoperiod shift assay of WT, ccr2 and F3 homozygous double mutant lines of ccr2 
ccd1, ccr2 ccd4, ccr2 ccd7, and ccr2 ccd8 was performed by shifting three-weeks-old plants 
from 16-h to 8-h photoperiod until newly formed yellow leaves were clearly visible in ccr2. (A) 
Representative images of plants focusing on the immature leaves in the rosette. (B) 
Quantification of plastid development by scoring yellow leaf colouration among individual 
plants. Similar data was obtained from multiple independent experiments. Statistical analysis 
by ANOVA with post-hoc Tukey test showed no significant difference in the number of plants 
displaying a yellow leaf phenotype of ccr2 compared to the ccr2 ccd double mutants.  
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Chapter 5: Mutations in Arabidopsis phytoene 
synthase suppress apocarotenoid signals and regulate 
chloroplast development 
This chapter has been written as a manuscript to be submitted to the journal Plant Physiology 
and hence follows the submission guidelines of the journal. The main text is formatted 
according to the journal’s instructions, and supplemental tables and figures are attached to 
the end of the chapter. However, to facilitate the examiners’ review, figures and legends are 
embedded to the main text instead of being individual files; figures are formatted as 
instructed by the journal but not scaled to the journal’s required size. References of this 
manuscript have been incorporated into references at the end of this thesis. 
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SUMMARY 
An enzyme in the carotenoid biosynthetic pathway affects carotenoid-derived retrograde 
signals, regulating chloroplast development. 
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ABSTRACT 
Phytoene synthase (PSY) is a major rate-controlling enzyme that catalyses the initial step of 
carotenoid biosynthesis and is hence under multi-level regulation. Alteration of PSY gene 
expression, protein levels or enzyme activity can exert profound effects on carotenoid 
composition and plant development. Here we show that four mutants of PSY: psy-4, psy-90, 
psy-130 and psy-145 reduced cis-carotenoids to levels below a threshold and suppressed 
apocarotenoid signal 2 (ACS2) which negatively regulates plastid development in ccr2 
(carotenoid and chloroplast regulation 2). The restoration of plastid development in the four 
ccr2 psy double mutants was caused by decreased PSY activity and reduced protein levels due 
to altered PSY-AtOR (ORANGE) interaction, but not by changed localization of PSY. This study 
reveals a novel role of PSY, modulating carotenoid-derived retrograde signals and regulating 
plastid development. 
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INTRODUCTION 
Carotenoids are a large group of C40 isoprenoid compounds that are synthesized in all 
photosynthetic organisms and some non-photosynthetic organisms (Hirschberg, 2001; 
Maresca et al., 2008; Ruiz-Sola and Rodriguez-Concepcion, 2012; Nisar et al., 2015). 
Carotenoids exert numerous functions in higher plants. They are the basis for many pigments, 
scents in flowers, and aromas in fruits and attract animals and insects for pollination and seed 
dispersal. In chloroplasts, carotenoids stabilize membranes and serve as components of 
photosystems (PSs), protecting the photosynthetic apparatus from photooxidative damage 
[reviewed in (Nisar et al., 2015)]. Carotenoids are also precursors of the phytohormones 
abscisic acid (ABA) and strigolactone (SL) [reviewed in (Nambara and Marion-Poll, 2005; Xie 
et al., 2010)]. In etioplasts, carotenoids are required to form prolamellar bodies (PLBs), the 
characteristic paracrystalline membrane structure that defines etioplasts and accelerate 
photomorphogenesis upon illumination (Park et al., 2002; Rodriguez-Villalon et al., 2009b). 
In the carotenoid biosynthetic pathway, phytoene synthase (PSY) catalyses the first committed 
step, the formation of phytoene from two geranylgeranyl diphosphate (GGPP) molecules 
(Misawa et al., 1994). Phytoene is then converted to all-trans lycopene in four steps catalysed 
by two desaturase, phytoene desaturase (PDS) and ζ-carotene desaturase (ZDS), and two cis-
trans isomerases, 15-cis-ζ-carotene isomerase (ZISO) and carotenoid isomerase (CRTISO) 
(Isaacson et al., 2002; Park et al., 2002; Breitenbach and Sandmann, 2005; Li et al., 2007) 
(Figure 1). The cis-configured carotenoids formed between phytoene and all-trans lycopene 
or their cleavage products were proposed to trigger retrograde signals that regulate 
carotenoid biosynthesis and plant development (Kachanovsky et al., 2012; Avendano-Vazquez 
et al., 2014; Hou et al., 2016). 
As the entry-point enzyme of carotenoid biosynthesis, PSY controls the carbon flux into the 
pathway (Figure 1). Therefore, altered PSY expression is often sufficient to affect carotenoid 
content in plants (Ducreux et al., 2005; Fraser et al., 2007; Maass et al., 2009; Welsch et al., 
2010; Cao et al., 2012). Given the essential roles in carotenogenesis, PSY is highly regulated at 
both transcriptional and post-transcriptional levels. For example, the transcription of PSY is 
modulated by light signalling through multiple factors including phytochrome-interacting 
factors (PIFs) and gibberellin (GA)-regulated DELLA proteins (Toledo-Ortiz et al., 2010; 
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Cheminant et al., 2011). In Arabidopsis, the ORANGE protein (AtOR) was recently reported to 
regulate PSY post-transcriptionally, affecting its protein levels through physical interaction 
(Zhou et al., 2015). The localization of PSY was found to dramatically affect enzymatic activity 
(Welsch et al., 2000), and interestingly altered PSY activity by a single amino acid change also 
led to changed localization (Shumskaya et al., 2012). 
In Arabidopsis, an apocarotenoid signal (ACS), named ACS2, was found to perturb plastid 
development, leading to a yellowing phenotype in newly emerged leaf tissue and delayed 
cotyledon greening in mutant ccr2 (carotenoid and chloroplast regulation 2) (Park et al., 2002) 
(see chapter 4). ACS2 is likely generated from cis-carotenoids that are accumulated in ccr2 
under a short photoperiod due to the absence of CRTISO activity (Figure 1). ACS2 was 
proposed to act downstream of DET1 (Deetiolated 1), modulating photosynthesis associated 
nuclear gene expression (PhANG) and regulating PLB formation by maintaining 
protochlorophyllide oxidoreductase (POR) protein levels (see chapter 4). 
Here we show that mutations in PSY supresses ACS2 and restores plastid development. A 
forward genetic screen identified four revertants of ccr2 (rccr2) that carried mutations in PSY 
and displayed normal chloroplast biogenesis. Those mutations reduced the enzymatic activity 
of PSY, and thereby caused a reduction of the cis-carotenoids that were likely the substrates 
of ACS2. PSY proteins levels were also reduced due to altered interaction between PSY and 
AtOR, which consequently affected cis-carotenoid composition. The localization of PSY was 
not affected by the mutations. The present study demonstrates a novel role of PSY in the 
regulation of plastid development. 
RESULTS 
Mutations in PSY gene restore plastid development in ccr2 mutant 
To investigate the genes that are involved in the production and regulation of ACS, we 
performed forward genetics screening on the ccr2 mutant in which ACS2 is triggered and 
regulates plastid development. Twenty-six EMS-mutagenized ccr2 lines restored chloroplast 
development and reverted the leaf-yellowing phenotype (see chapter 4). Four of those rccr2 
lines, namely rccr24, rccr290, rccr2130 and rccr2145, have mutations in PSY gene (Supplemental 
Table S1). Under a short 8-h photoperiod, all four rccr2 lines displayed greening in newly 
developed leaf tissue similar to WT, while ccr2 showed a clear yellowing phenotype (yellow  
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Figure 1 
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Figure 1: Simplified diagram of the carotenoid biosynthesis pathway. Genes encoding the 
catalysing enzymes of each step before all-trans-lycopene are labelled to the left of the 
pathway and mutants are labelled to the right. GGPP: geranylgeranyl diphosphate; PSY: 
phytoene synthase; PDS: phytoene desaturase; ZISO: 15-cis-ζ-carotene isomerase; ZDS: ζ-
carotene desaturase; CRTISO: carotenoid isomerase. Norflurazon is an herbicide that 
inhibits PDS activity. ACS: apocarotenoid signal; ACS1: see (Avendano-Vazquez et al., 2014) 
and (Hou et al., 2016); ACS2: see Chapter 4. 
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leaf, YL) (Figure 2A and Supplemental Figure S1A). Consistent with this observation, the total 
chlorophyll content in the four rccr2 lines was restored to WT levels, whereas that in ccr2 YL 
was significantly reduced (Figure 2B). In dark-grown seedlings of the four rccr2 lines PLB 
formation was restored and in correlation normal chlorophyll biosynthesis resembling WT was 
observed during deetiolation, while ccr2 seedlings showed delayed greening upon 
illumination (Figure 2C, Supplemental Figure S1C and S1D). SNP (single nucleotide 
polymorphism) analysis revealed two GA mutations at exons 4 and 5 of PSY, in rccr24 and 
rccr290 respectively, leading to M266I and A352T amino acid changes in PSY protein. In rccr2130, 
a CT mutation at exon 3 resulted in a substitution of P178 to S. Another GA mutation 
found in rccr2145 was at exon 2/intron 3 border and created an alternative splice site which 
may retain intron 3 in the transcript, introducing a premature stop codon and leading to a 
truncated, non-functional protein. All mutations were confirmed by Sanger sequencing 
(Figure 3 and Supplemental Table S1). Quantitative RT-PCR showed that in rccr2145 the psy-145 
transcript was present together with WT transcript, which was on average around 3-fold 
higher than the splicing variant (Supplemental Figure S2). When rccr2145 was grown in soil, an 
albino phenotype indicating impaired carotenoid biosynthesis was observed in about 20% 
seedlings of the population, which probably suggests that the percentage of psy-145 splicing 
variant varies in plants of a large population (Supplemental Figure S1B) (Bartley and Scolnik, 
1995). Therefore, the four rccr2 lines were confirmed to be ccr2 psy double mutants and 
mutations in PSY gene was correlated to the restoration of plastid development which is 
inhibited in ccr2 by ACS2 (see chapter 4). 
Mutated PSY versions supress ACS2 in ccr2 by affecting cis-
carotenoid composition 
To confirm that the restoration of plastid development in ccr2 psy mutants was due to a 
mutated PSY gene and subsequently supressed ACS2, we overexpressed (OE) wild type PSY 
gene in the four double mutants, ccr2 and WT. Interestingly all ccr2 psy::PSY-OE lines growing 
under 8-h photoperiod displayed yellowing in newly developed leaf tissue, similar to ccr2 
(Supplemental Figure S3A). In agreement with the yellowing phenotype, a significant 
reduction of total chlorophyll was observed in YL of PSY-OE lines compared to GL of WT or 
WT::PSY-OE (Supplemental Figure S3B). We examined the cis-carotenoids that were proposed 
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Figure 2: Mutated PSY restored chloroplast development in ccr2 leaves and cotyledon 
greening in etiolated seedlings. A, Three-week old WT and ccr2 plants growing under 8-h 
photoperiod. In ccr2, newly developed leaf tissues were yellow (YL, red circle) while all 
leaves in WT were green (GL). B, Total chlorophyll in leaf tissue of WT, ccr2 and rccr2 lines 
carrying a mutated PSY gene, showing that chlorophyll content was significantly reduced 
in ccr2 YL and restored to wild type levels in rccr2 lines. Plants were grown under 8-h 
photoperiod. Values were averaged from five biological replicates and error bars denote 
standard error. C, Compared to WT, ccr2 showed delayed greening, while rccr2 lines 
carrying a mutated PSY gene restored cotyledon greening. Seedlings were grown in 
darkness for 4 d, exposed to continuous white light and chlorophyll was measured at 12-h 
intervals. Chlorophyll levels at 0 h, 24 h, 48 h and 72 h are shown in the figure. Each value 
was averaged from 20 seedlings. rccr2 is abbreviated to “r” in the charts, e.g. r4 is the 
abbreviation of rccr24. A star denotes that difference is significant when compared to WT 
and P<0.05 in one-way ANOVA. 
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Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
to trigger ACS2 in ccr2 and were able to link the restoration of plastid development to altered 
levels of ACS2 precursors in the ccr2 psy mutants. In comparison to ccr2, the levels of cis-ζ-
carotene (including tri-cis-ζ-carotene and di-cis-ζ-carotene) were significantly reduced in 7-d 
old etiolated seedlings of all ccr2 psy mutants.  In ccr2 psy-4, ccr2 psy-90 and ccr2 psy-130, a 
clear reduction of tri-cis-neurosporene and tetra-cis-lycopene was also observed. Among the 
four double mutants, ccr2 psy-90 displayed the lowest levels of all cis-carotenoids measured. 
Associated with the leaf yellowing of all ccr2 psy::PSY-OE lines, the composition of the above 
PSY genomic DNA (3292bp) 
UTR exon intron 
Wild type PSY protein (422aa) 
psy-4, psy-90 and psy-130 protein (422aa) 
psy-145 protein (174aa) 
P178S 
psy-130 
M266I 
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A352T 
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  mutant                      WT 
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Figure 3: Mutations of PSY gene were identified by NGS from four rccr2 lines. A, Schematic 
structure of wild type PSY gene genomic DNA, PSY protein and mutants in the four ccr2 psy 
lines. The point mutations in psy-4, psy-9 and psy-130 lead to amino changes, while in psy-
145 a GA mutation at the exon 2/intron 3 junction alters the splice site and intron 3 (541 
bp) is hence retained in the transcript, introducing a premature stop codon and resulting in a 
truncated protein with 174 amino acids. B, The point mutations in PSY gene were confirmed 
by Sanger sequencing. Notably, in NGS data analysis mutations were annotated according to 
forward strand sequence in TAIR database, while the coding sequence of PSY is on 
complementary strand. 
1 2 3 4 5 6 
1 2 4 5 6 3 
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mentioned cis-carotenoids in those lines was similar to that in ccr2 (Figure 4A). The cis-
carotenoid profile in ccr2 etiolated seedlings was not clearly affected by PSY-OE, and that in 
WT was undetectable with or without PSY-OE, although western blots confirmed that PSY 
protein levels were dramatically increased in all OE lines (Figure 4A and 4B). PSY protein levels 
were lower in ccr2 psy double mutants (Figure 4B) compared to WT and ccr2, and thereby 
were investigated further in this study. 
The enzyme activity of PSY is reduced in psy mutants 
Reduced cis-carotenoid levels and supressed ACS2 could be a consequence of altered activity 
or protein levels of PSY. We first examined the phytoene synthase activity of the four psy 
mutants. Seed-derived callus (SDC), illuminated for 5 d and grown in the dark for 2 weeks, was 
used to assay phytoene synthase activity in vivo. In a ccr2 background, SDC accumulated cis-
carotenoids in dark due to the loss of carotenoid isomerase function (Park et al., 2002), 
whereas WT displayed no detectable cis-carotenoids in SDC. Norflurazon treatment inhibits 
PDS and results in the accumulation of phytoene in dark, which is used to indicate phytoene 
synthase activity (Figure 5A and Supplemental Figure S4A). 
In comparison to WT and ccr2, the phytoene synthase activity in all four ccr2 psy double 
mutants was reduced by 1.5- to 3-fold, and psy-90 synthesized the lowest amount of phytoene 
accounting for only around 30% of WT level. The biosynthesis of cis-carotenoids measured in 
this study was downregulated accordingly in the double mutants, while that of all-trans-
lycopene, lutein, β-carotene and other xanthophylls was unaffected (Figure 5A and 
Supplemental Figure S4A). We next purified recombinant PSY variants expressed in E. coli cells 
and performed in vitro activity assays using cell lysate of a GGPP-producing E. coli strain as 
substrate (Cunningham and Gantt, 2007). Endogenous phytoene synthase was also purified 
from leaf tissue of WT, ccr2 and ccr2 psy double mutants by immunoprecipitation and 
subjected to in vitro measurements of enzymatic activity.  Consistent with in vivo activity 
assays, all purified psy mutants showed a significant reduction of phytoene production, with 
psy-90 displaying the lowest activity although not being as remarkable as observed in vivo 
using callus.  
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Figure 4: Mutations in PSY affected the composition of cis-carotenoids triggering ACS2. 
Wild type PSY gene was overexpressed using CMV35S promoter in WT, ccr2, ccr2 psy-4, 
ccr2 psy-90, ccr2 psy-130 and ccr2 psy-145. A, The cis-carotenoids that were proposed to 
trigger ACS2 in ccr2 were reduced in ccr2 psy double mutants but similar to ccr2 in the PSY 
overexpression lines (PSY-OE). Etiolated seedlings (7 d) were subjected to HPLC to measure 
cis-carotenoid levels. Three representative PSY-OE lines of each transformation were used 
in HPLC, with three replicates from each line. Error bars denote standard errors. 
*Difference is significant in comparison to ccr2 (P < 0.05 in one-way ANOVA). Cis-ζ-
carotene: tri-cis-ζ-carotene and di-cis-ζ-carotene; cis-neurosporene: tri-cis-neurosporene; 
cis-lycopene: tetra-cis-lycopene. B, Western blots confirmed the overexpression of PSY 
protein in all OE lines. For each sample, 10 µg of total protein extracted from leaf tissues 
of 4-week old Arabidopsis plants was subjected to western blot using anti-PSY polyclonal 
antibody. 
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Figure 5: The enzymatic activity of PSY was reduced in psy mutants. A, In vivo PSY activity 
assays using seed-derived callus. Seeds were germinated directly on auxin-containing 
medium, illuminated for 5 d under 16-h photoperiod and etiolated for 2 weeks. For 
norflurazon treatment (+), callus were transferred onto the same medium containing 1 
µmol.L-1 norflurazon prior to etiolation. Norflurazon inhibits PDS and leads to accumulation 
of phytoene, which is utilized to assay PSY activity. Carotenoids were quantified by HPLC. 
Data is shown as mean ± standard errors of three biological replicates. Lycopene: all-trans-
lycopene. B, In vitro activity of recombinant WT PSY and mutants. Recombinant PSY protein 
was purified from E. coli cells expressing codon-optimized PSY gene or mutants. Five 
micrograms of recombinant PSY protein was subjected to an enzymatic activity assay which 
was then extracted using carotenoid extraction buffer before loaded for HPLC. Same 
amount of protein extracted from untransformed E. coli BL21 (DE3) cells was used as a 
negative control; endogenous PSY protein extracted from WT Arabidopsis leaf tissue was 
used a positive control. Enzyme activity was measured in triplicates and displayed as mean 
± standard error. * Difference is significant in comparison to WT (P < 0.05 in one-way 
ANOVA). Western blots were done using anti-PSY and anti-6× His antibodies to confirm the 
expression and purification of recombinant PSY protein; five micrograms of each protein 
sample was loaded to the gel. 
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Mutations in PSY affect protein-protein interaction 
Arabidopsis ORANGE protein (AtOR) was found to regulate PSY posttranscriptionally through 
physical interaction (Zhou et al., 2015). We reasoned that the mutations identified in PSY in 
this study might result in an alteration of PSY-AtOR protein interaction. A split ubiquitin system 
(SUS) based on yeast-two-hybrid (Y2H) was used to evaluate the protein-protein interaction 
between PSY and AtOR. A clear interaction was observed between wild type PSY and AtOR by 
growth in selective media and β-Galactosidase activity of yeast strains co-expressing different 
PSY versions fused to C-terminal ubiquitin moiety (Cub) and AtOR fused to N-terminal 
ubiquitin moiety (Nub). However, a significant suppression of the interaction was detected 
when psy-4 or psy-90 was fused to Cub, with psy-90 showing almost no interaction with AtOR 
(Figure 6A and 6B). To confirm reduced interaction between AtOR and PSY versions, we 
detected AtOR in PSY co-immunoprecipitates. Western blot using anti-OR antibody showed 
lower levels of AtOR that co-immunoprecipitated with psy-4 or psy-90, the later PSY version 
displaying dramatically reduced physical interaction with AtOR (Figure 6C).   
We also tested the interaction between PSY versions and Arabidopsis GGPP synthase 11 
(AtGGPPS11) which was proposed to be an essential interacting protein of PSY and required 
for the production phytoene (Ruiz-Sola et al., 2016). Interestingly, the protein-protein 
interaction between psy-90 and AtGGPPS11 was also negatively affected, although the other 
PSY versions showed normal interaction with AtGGPPS11 similar to that of wild type PSY 
(Figure 6A and 6B). In agreement with PSY activity assays, the production of phytoene in yeast 
cells expressing psy-90+AtGGPPS11 was almost abolished; psy-4 or psy-130 in combination 
with AtGGPPS11 produced significantly less phytoene (2-4 fold lower) in comparison to PSY-
WT (Supplemental Figure S5). 
Protein levels of PSY and OR are reduced in psy mutants 
We next examined whether the suppressed PSY-AtOR interaction affected their protein levels. 
Western blots using total protein extracted from leaf tissues showed that PSY protein levels in 
ccr2 psy-4 and ccr2 psy-90 were clearly downregulated (Figure 7). We also measured PSY 
protein quantitatively using enzyme-linked immunosorbent assays (ELISAs), which confirmed 
the reduced levels of psy-4 and psy-90, by around 2-fold and 5-fold, respectively 
(Supplemental Figure S6). PSY and AtOR have been reported to exert mutual regulation to 
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each other (Zhou et al., 2015), we therefore also examined AtOR protein. The levels of AtOR 
protein were both reduced in ccr2 psy-4 and ccr2 psy-90 by 3- to 4-fold (Figure 7 and 
Supplemental Figure S6). ELISAs showed that AtOR was downregulated in ccr2 psy-145 while 
PSY protein levels were similar to that in WT (Supplemental Figure S6). A slight downregulation 
of PSY was also observed in ccr2 (Supplemental Figure S6), which might be a result of ACS2 
regulation or negative feedback by the accumulated cis-carotenoids. 
The localization of PSY is not affected by the four mutations 
The localization of the PSY enzyme can also be altered by a single amino acid change 
(Shumskaya et al., 2012), which may affect the assembly and localization of the carotenogenic 
metabolon (Bassard et al., 2012; Shumskaya and Wurtzel, 2013), resulting in altered 
carotenoid profiles and probably exerting effects on the production or transduction of ACSs. 
We therefore investigated whether the localization of the PSY versions identified in this study 
was changed. To observe the suborganellular localization of the PSY variants, we transiently 
expressed PSY-CGFP fusion proteins of PSY-WT or mutants in protoplasts which were isolated 
from wild type Arabidopsis leaf tissue. As a control, we also included psy-N181P270 (psy-NP), 
the Arabidopsis equivalent variant of ZmPSY-N168P257 that was reported to display an altered 
localization in chloroplasts and etioplasts. Surprisingly, we observed no significant difference 
among the localization of all PSY proteins in chloroplasts (Figure 8). We then repeated the 
transient expression in protoplasts isolated from cotyledons of Arabidopsis etiolated seedlings, 
followed by detecting PSY in PLB and stroma fractions of etioplasts. We confirmed that no 
mutants of PSY protein were localized differently (Supplemental Figure S7). It has been 
reported that PSY takes two topological forms: membrane-bound and stromal, and in 
agreement we detected endogenous PSY in both PLB and stroma fractions (Supplemental 
Figure S7). However, the transiently expressed PSY-CGFP fusion proteins seemed to only affect 
PSY levels in stroma (Supplemental Figure S7), which may explain the evenly distributed green 
fluorescence observed in chloroplasts in this study (Figure 8).  
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Figure 6: Mutations in PSY affected protein-protein interaction between PSY and OR and 
that between PSY and GGPPS11. A, Protein-protein interaction assays using split ubiquitin 
system. PSY gene versions fused to the C-terminal ubiquitin moiety (Cub) were co-expressed 
with AtOR (OR) and AtGGPPS11 (G11), respectively, fused to the N-terminal ubiquitin moiety 
(Nub). Yeasts were spotted onto either nonselective (-LW) or fully selective medium (-LWAH) 
in a series of 10-fold dilutions. In order to reduce background activation of reporter genes 
and visualize different interaction strengths, methionine (150 µmol.L-1 and 1 mmol.L-1) was 
added to the media reducing expression of Cub fusion proteins (+150 µM M and +1mM M, 
respectively). Control combinations with empty Cub expressing vector are included below. B, 
β-Galactosidase activity of yeast strains co-expressing different PSY versions fused to Cub and 
AtOR or ArGGPPS11 fused with Nub or Nub only (Control), respectively. Enzyme activity was 
determined by oNPG assay and is given in nmol oNP.min-1.OD600-1. Error bars indicate 
standard errors from three measurements. * Difference is significant (P < 0.05) in comparison 
to WT. C, Co-immunoprecipitation analysis of PSY and AtOR proteins. Equal amounts of total 
protein extracted from each leaf sample were immunoprecipitated using anti-PSY antibody 
or using normal rabbit IgG as a negative control. Ten microliters of immunoprecipitate was 
then subjected to western blot using anti-OR antibody. Fifty percent of protein before 
immunoprecipitation was kept for input, and was subjected to western blotting with anti-PSY 
and anti-OR antibodies. Experiments were done in triplicates and representative results are 
displayed. 
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  WT               ccr2           ccr2             ccr2             ccr2              ccr2 
                                          psy-4           psy-90        psy-130        psy-145 
PSY 
OR 
Actin 
Figure 7: PSY and OR protein levels were both reduced in psy mutants. Ten micrograms of 
total protein extracted from leaf tissue of WT, ccr2 or ccr2 psy mutants was used for 
western blot to determine protein levels of endogenous PSY and AtOR, with anti-PSY and 
anti-OR antibodies, respectively. Actin was included as an internal reference. 
Representative results from three replicates of each western blot are shown. 
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Figure 8 
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Figure 8: The localization of PSY was not altered in psy mutants. Protoplasts were isolated 
from green cotyledons of Arabidopsis seedlings and 10 µg of each PSY-CGFP plasmid with 
equal amount of SSU-RFP plasmid were incubated with 106 protoplasts. Following 16 h 
incubation in dark, protoplasts were subjected to confocal microscopy. BRIGHT: bright 
field; psy-NP: Arabidopsis PSY variant carrying Asn181 and Pro270. 
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DISCUSSION 
PSY is a crucial enzyme regulating ACSs in plant 
ACSs have been proposed to play regulatory roles throughout plant development 
(Kachanovsky et al., 2012; Ramel et al., 2012; Avendano-Vazquez et al., 2014; Van Norman et 
al., 2014; Hou et al., 2016). However, the factors that modulate the production and 
transduction of those carotenoid-derived signals have remained unclear. Since 
apocarotenoids are cleavage products of carotenoids (Walter and Strack, 2011; Havaux, 2014), 
carotenogenic enzymes may be essential in the modulation of ACSs. Here we show that PSY, 
the key enzyme in carotenoid biosynthetic pathway (Cazzonelli and Pogson, 2010), is a crucial 
factor that regulates the production of ACS2. 
To investigate the production and regulatory roles of ACS2, we performed a forward genetics 
study and identified four point mutations in the PSY gene that reverted the leaf-yellowing 
phenotype of ccr2 and restored PLB formation in etiolated seedlings (Figure 2 and 
Supplemental Figure S1). In the four ccr2 psy mutants, we found clear reduction of cis-ζ-
carotene, tri-cis-neurosporene and tetra-cis-lycopene which were proposed to be 
accumulated and cleaved in ccr2, producing apocarotenoids and triggering ACS2 (Figure 4) 
(Chapter 4). Notably, those cis-carotenoids were still detectable in all ccr2 psy mutants, 
suggesting that a threshold of cis-carotenoid levels is required for the production of ACS2. The 
overexpression of wild type PSY gene in ccr2 psy double mutants restored the cis-carotenoid 
content to a similar level to ccr2 (Figure 4) and in correlation a leaf-yellowing phenotype was 
observed in the overexpression lines (Supplemental Figure S3), indicating impaired 
chloroplast development in newly emerged leaf tissues (Chapter 4). We therefore could 
confirm that the PSY enzyme is crucial for the production of ACS2 that regulates plastid 
development. Reduction of the carotenoid biosynthetic flux resulted from a mutated version 
of PSY may supress ACS2 in ccr2. 
As the entry-point enzyme of the carotenoid biosynthesis pathway (Ruiz-Sola and Rodriguez-
Concepcion, 2012), PSY significantly affected cis-carotenoid content in this study. Interestingly, 
cis-carotenoids or cis-carotenoid-derived signals were also proposed to modulate PSY 
expression at transcriptional levels (Kachanovsky et al., 2012; Fantini et al., 2013). The 
complexity and mutual regulation in carotenoid-derived retrograde signals call for intensive 
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study.  
Single amino acid changes alter PSY activity 
Some single amino acid changes in PSY were reported to increase the enzyme’s activity and 
upregulate carotenoid biosynthesis (Welsch et al., 2010; Shumskaya et al., 2012). In the 
present study, we observed clear reduction of PSY activity (Figures 4 and 5, Supplemental 
Figure S4). The 172DELVD176 sequence of Arabidopsis PSY and the 298DVGED302 sequence were 
predicted to form an active site together and bind phosphate groups of GGPP; the active site 
is conserved among isoprenoid synthases (Pandit et al., 2000; Shumskaya et al., 2012). The 
P178S mutation of psy-130 (Figure 3 and Supplemental Table S1) is between the 172DELVD176 
sequence and S181 which was proposed to be an essential amino acid for the activity and 
localization of PSY (Shumskaya et al., 2012). Similarly, the M266I mutation in psy-4 (Figure 3 
and Supplemental Table S1) is near 298DVGED302 and P270 that was suggested to be another 
essential amino acid for PSY activity (Shumskaya et al., 2012). Although the A352T mutation 
of psy-90 (Figure 3 and Supplemental Table S1) is not close to the above active site or essential 
amino acid in protein sequence, it may interfere with the formation of a preferable structure 
of the PSY enzyme, which caused a more severe reduction of PSY activity and subsequently a 
dramatic drop of cis-carotenoid content (Figures 4 and 5, Supplemental Figure S4). 
The mutation in psy-145 altered a splice site of the gene, therefore the splicing variant 
contained intron 3 which led to a truncated protein (Figure 3 and Supplemental Figure S2A). 
The complete loss of PSY activity in the truncated protein resulted in albino seedlings in a ccr2 
psy-145 population (Figure S1B). However, most plants of the ccr2 psy-145 mutant would still 
possess a portion of functional PSY enzyme; in support of which the percentage composition 
of wild type PSY transcript on average was 2-fold higher than that of psy-145 splicing variant 
in the double mutant (Supplemental Figure S2B). In vivo activity assays of ccr2 psy-145 still 
displayed PSY activity (Figure 5A and Supplemental Figure S4A), and the immunoprecipitate 
of endogenous PSY from ccr2 psy-145 was also active (Supplemental Figure S4B), indicating 
that functional PSY was produced in the double mutant. The endogenous PSY protein 
immunoprecipitated from ccr2 psy-145 might contain both truncated psy and wild type 
enzyme, therefore a lower activity than that from ccr2 or WT was observed (Figure 5B and 
Supplemental Figure S4B). In support of this, a band of non-truncated PSY protein (about 48 
kD) was seen in western blots using anti-PSY antibody (Figure 6C and Figure 7).  
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We transiently expressed psy-4, psy-90 and psy-130 variants in chloroplasts and etioplasts, yet 
none of them displayed altered localisation (Figure 8) although reportedly a single amino acid 
change changed its localization through accumulation of crystalized carotenoids (Shumskaya 
et al., 2012). Notably, the three psy mutants carried reduced PSY activity in the present study, 
in contrast to the increase of PSY activity caused by a single amino acid change (Shumskaya et 
al., 2012). Interestingly, the amount of PSY in PLB fraction was not affected by transient 
expression of PSY-CGFP fusion proteins, although the amount in stroma was dramatically 
increased (Supplemental Figure S7). In line with our results, the active form of PSY is localized 
on membranes and stromal PSY seemed to be inactive; without a high level of interacting 
proteins, a large portion of overexpressed PSY might be present in stroma fraction and take 
the inactive form (Welsch et al., 2000; Zhou et al., 2015).  
Protein-protein interaction is required for functional PSY 
Using SUS, β-galactosidase activity assays and co-immunoprecipitation we found that the 
capacity of psy-4 and psy-90 to physically interact with AtOR was reduced in comparison to 
PSY-WT (Figure 6). The reduction in physical interaction resulted in reduced protein levels of 
both PSY and AtOR in the two mutants (Figure 7 and Supplemental Figure S6). The 
downregulation of PSY protein also accounted for reduced phytoene synthesis in SDC (Figure 
5A and Supplemental Figure S4A). Furthermore, decreased AtOR protein levels might also 
negatively affect the recruitment of inactive PSY populations from stroma to membrane for 
activation, which consequently inhibited PSY activity (Zhou et al., 2015). In ELISAs, PSY levels 
in ccr2 psy-145 were not decreased while AtOR showed a slight reduction (Supplemental 
Figure S6), probably because that the truncated psy-145 still possessed immuno-reactivity to 
anti-PSY antibody yet lost interaction with AtOR.  
In addition to PSY-AtOR interaction, psy-90 also showed reduction in PSY-AtGGPPS11 
interaction (Figure 6A and 6B, Supplemental Figure S5). For the biosynthesis of carotenoids, a 
large enzyme complex was proposed to be formed, involving PSY and GGPPS (Camara, 1993; 
Cunningham and Gantt, 1998; Fraser et al., 2000; Shumskaya and Wurtzel, 2013). Within the 
metabolon, GGPPS may channel its product GGPP to PSY as substrate, and hence interaction 
with GGPPS is required for PSY activity (Ruiz-Sola et al., 2016). In yeast cells with psy-
90+AtGGPPS11 combination, phytoene synthesis was almost abolished (Supplemental Figure 
S5), which supported the requirement of PSY-AtGGPPS11 interaction for PSY activity. The 
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A352T mutation in psy-90 seemed to suppress PSY-AtOR and PSY-AtGGPPS11 interaction and 
subsequently downregulate the protein levels and activity of PSY. 
PSY links carotenoids to plastid development 
The four mutated versions of PSY restored both PLB formation in etiolated seedlings and 
chloroplast biogenesis in leaf (Figure 2, Supplemental Figure S1A and C), suggesting those psy 
variants to affect both skotomorphogenesis and photomorphogenesis through the 
suppression of ACS2. In ccr2, ACS2 regulates plastid development partially via altering the 
protein levels of PIF3 and HY5 (Supplemental Figure S8). Taken together, the suppression of 
ACS2 in the four ccr2 psy double mutants affected plastid development possibly through 
modulating PIF3 and HY5. On the other hand, PIF family factors have been reported to 
regulate PSY expression in response to light signalling which controls chloroplast biogenesis 
and carotenoid biosynthesis (Toledo-Ortiz et al., 2010). Therefore, PSY acts as a hub that links 
carotenoid biosynthesis to plastid development. 
MATERIAL AND METHODS 
Please refer to chapter 2: Materials and Methods. All related methods have been included in 
chapter 2 and for submission they will be slightly amended to meet the requirements of the 
journal. 
Accession Numbers 
The Arabidopsis Genome Initiative locus number for the major gene discussed in this article 
is as following: PSY (At5g17230). The model of PSY gene is drawn from At5g17230.1. 
Supplemental Material 
Supplemental Tables 
Supplemental Table S1: NGS information of the mutations in PSY gene in four rccr2 lines 
Supplemental Table S2: Primers used in this study 
Supplemental Figures 
Supplemental Figure S1: Mutations in PSY gene reverted the leaf-yellowing phenotype in ccr2 
and led to restoration of PLB formation in all rccr2psy lines and albino phenotype in one line 
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Supplemental Figure S2: A single base pair change in psy-145 results in altered splicing in 
mRNA 
Supplemental Figure S3: Overexpression of wild type PSY gene restored leaf yellowing in ccr2 
psy double mutants 
Supplemental Figure S4: In vivo and in vitro enzyme activity of PSY protein versions  
Supplemental Figure S5: Phytoene produced in yeast cells with PSY+AtGGPPS11 combinations 
in split ubiquitin assays 
Supplemental Figure S6: PSY and AtOR protein levels measured by enzyme-linked 
immunosorbent assays (ELISAs) 
Supplemental Figure S7: PSY levels in PLB and stroma fractions of Arabidopsis etioplasts before 
and after the expression of PSY-GFP fusion protein 
Supplemental Figure S8: ACS2 regulates protein levels of HY5 and PIF3 in ccr2 
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Supplemental Table S1: NGS information of the mutations in PSY in four rccr2 lines 
 
 
 
 
 
 
 
rccr2 lines SNP position 
Base change 
(Forward Strand) 
Location in 
the gene Amino acid change 
rccr24 5660555 CT CDS MI 
rccr290 5660151 CT CDS AT 
rccr2130 5660938 GA CDS PS 
rccr2145 5661514 CT Splice site Truncated protein 
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Supplemental Table S2: Primers used in this study 
Name Sequence Accession 
Sequencing 
PSY4F 
PSY4R 
CTCTGTCTTATCTTACTTCC 
TAAACCCTTCCTCTTCTC 
At5g17230 
PSY90F 
PSY90R 
ACCGGTTTCTTGATTCACA 
TTCCACTTTCCTCTCGCT 
At5g17230 
PSY130F 
PSY130R 
GAACACCAAGCATCCAAA 
GTCTCGAAATGGCTGCAA 
At5g17230 
PSY145F 
PSY145R 
GGTCTTCTTCTTATGACC 
CATCACTTTATCCTACAA 
At5g17230 
Cloning 
PSY145FC 
PSY145RC 
CTTTGCTTATGACACCCG 
CAGAATATCGACCGGGTATC 
At5g17230 
qRT-PCR 
PSY145eFq 
PSY145eRq 
GGCAATCTACGGTAAGTTAC 
GCAACTGTATCAGCGAGA 
At5g17230 
PSY145iFq 
PSY145iRq 
CCAATGGTTGAAGAGCTG 
CAGCTTCAACTTCTCTTG 
At5g17230 
Yeast split ubiquitin system 
B1-PSY  
B2-PSY 
B1-TCTTTTGTAAGGAACCGAAGTAG  
B2-TATCGATAGTCTTGAACTTGAAG 
At5g17230 
B1-AtOR 
B2-AtOR 
B1-GCCGATAAATTCGCTTCCGGG 
B2-ATCGAAAGGGTCGATACGAGGATC 
At5g61670 
B1-AtGGPPS11 
B2-AtGGPPS11 
B1-TCTTCTTCCGTTGTTACAAAAG 
B2-GTTCTGTCTATAGGCAATGTAATT 
At4g36810 
B1 linker 
B2 linker 
ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATG 
TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTA 
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SUPPLEMENTAL FIGURES 
Supplemental Figure S1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Germplasm Ratio of etioplasts containing PLBs (%) 
Tukey 
Groups 
WT 100±0.0 a 
ccr2 0±0.0 d 
rccr24 95±2.3 ab 
rccr290 100±0.0 a 
rccr2130 84±6.5 c 
rccr2145 92±2.6 bc 
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Supplemental Figure S1: Mutations in PSY reverted the leaf-yellowing phenotype in ccr2 
and led to restoration of PLB formation in all rccr2psy lines and albino phenotype in one 
line. A, Percentage of yellow leaf area of WT, ccr2 and rccr2 lines carrying mutations in PSY 
gene. All plants were grown under 8-h photoperiod. rccr2 is abbreviated to “r” in the 
charts, e.g. r4 is the abbreviation of rccr24. * Difference is significant in comparison to WT 
(P < 0.05 in one-way ANOVA). B, Albino seedlings of rccr2145 (red circle). Seedlings were 
grown under 16-h photoperiod. C, Transmission electron microscopy (TEM) images of a 
representative etioplast from 5-d old dark grown seedlings. The etioplasts of WT and rccr2 
lines carrying a mutated PSY gene showed well-developed prolamellar bodies (PLBs), while 
ccr2 displayed complete absence of PLB formation. Images are representatives of more 
than 15 plastids from at least 5 TEM sections. D, Ratios of etioplasts containing PLBs. 
Letters denote post-hoc Tukey groups from a one-way ANOVA test. 
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Supplemental Figure S2 
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Supplemental Figure S2: A single base pair change in psy-145 results in altered splicing in 
mRNA. A, Reverse transcription PCR (RT-PCR) confirms alternative splicing of intron 3 in 
ccr2 psy-145 leaf tissues. Exons 2 and 3 were partially amplified and products were run on 
a 1% agarose gel to examine the spliced (221 bp, WT and ccr2) or unspliced (762 bp, ccr2 
psy-145) amplicons. The 100 bp ladder confirms fragment sizes. B, Quantitative RT-PCR 
(qRT-PCR) of partial PSY transcript of WT (-intron 3) and psy-145 (+intron 3) in WT, ccr2 psy-
145 and ccr2 leaf tissue. For psy-145, primers were designed to amplify a 162-bp product 
within intron 3; for WT, primers were designed to amplify part of exons 2 and 3 spanning 
intron 3, and qRT-PCR protocols were optimized to yield only the 155-bp product 
containing exon sequence but not the 696-bp fragment containing exons and intron 3, 
using cloning vectors carrying wild type PSY or psy-145 as reference. Standard error bars 
are shown (n=10). RNA levels were normalized to Protein Phosphatase 2A (AT1G13320) 
gene and displayed as fold change relative to PSY mRNA (-intron 3) in wild type Arabidopsis 
plants. 
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Supplemental Figure S3 
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Supplemental Figure S3: Overexpression of wild type PSY gene restored leaf yellowing in 
ccr2 psy double mutants. A, Three-week old T4 generation transgenic plants growing 
under 8-h photoperiod. Rosette images show yellowing in newly developed leaf tissue 
except that of WT::PSY-OE. Images are representative of 50-100 T4 generation plants from 
five independent lines of PSY-OE. PSY-OE: PSY overexpression. B, Total chlorophyll in leaf 
tissue T4 generation transgenic plants, showing that chlorophyll content is significantly 
reduced yellow leaf (YL) tissue. Plants were grown under 8-h photoperiod. Values were 
averaged from five biological replicates and error bars denote standard error. *Difference 
is significant in comparison to WT-OE (P < 0.05 in one-way ANOVA). 
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Supplemental Figure S4 
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Supplemental Figure S4: In vivo and in vitro enzyme activity of PSY protein versions. A, 
All detectable carotenoids from seed-derived callus. Phytoene was accumulated when 
callus was treated with 1 µmol.L-1 norflurazon treatment (+); the amounts of phytoene 
accumulated were used to measure the enzyme activity of PSY protein versions. 
Carotenoids were quantified by HPLC and data is shown as mean ± standard errors of three 
biological replicates. B, In vitro activity of endogenous PSY (or psy) from WT, ccr2 and ccr2 
psy double mutants. Endogenous PSY protein or mutants were purified from leaf tissue of 
25 d old Arabidopsis plants by immunoprecipitation and 5 μg of each was subjected to an 
enzymatic activity assay measuring the amount of phytoene produced. Experiments were 
done in triplicates and results are displayed as mean ± standard error. *Difference is 
significant in comparison to WT-OE (P < 0.05 in one-way ANOVA). 
0
10
20
30
40
50
60
WT ccr2 ccr2
psy-4
ccr2
psy-90
ccr2
psy-130
ccr2
psy-145
* 
* 
* 
* 
-181- 
 
Supplemental Figure S5 
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Supplemental Figure S5: Phytoene produced in yeast cells with PSY+AtGGPPS11 
combinations in split ubiquitin assays. Phytoene levels were measured by HPLC. Error bars 
indicate standard errors from three measurements. *Difference is significant in comparison 
to WT (P < 0.05 in one-way ANOVA). 
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Supplemental Figure S6 
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Supplemental Figure S6: PSY and AtOR protein levels measured by enzyme-linked 
immunosorbent assays (ELISAs). Each well was coated with total protein from Arabidopsis 
leaf tissue and then incubated with anti-PSY or anti-OR antibodies. Following the addition 
of substrate solution containing O-phenylenediamine dihydrochloride and H2O2 the 
absorbance was measured at 492 nm. All ELISAs were done in triplicates and values are 
shown as mean ± standard error. 
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Supplemental Figure S7 
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Supplemental Figure S7: PSY levels in PLB and stroma fractions of Arabidopsis etioplasts 
before and after the expression of PSY-GFP fusion protein. Protoplasts were isolated 
from cotyledons of etiolated WT Arabidopsis seedlings (7-d old) and incubated with a PSY-
CGFP plasmid in dark for 16 h. Ten microliters of PLB or stroma fraction of etioplasts was 
subjected to western blot using anti-PSY antibody. Ct: control with no PSY-CGFP 
expression. 
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Supplemental Figure S8 
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Supplemental Figure S8: ACS2 regulates proteins levels of HY5 and PIF3 in ccr2. The 
protein levels of HY5 was downregulated in ccr2 but restored by D15 treatment. In contrast, 
PIF3 was upregulated in ccr2 but reduced to wild type levels by D15 treatment. D15 (aryl-
C3N hydroxamic acid compound) is an inhibitor of carotenoid cleavage dioxygenases 
(CCDs) and hence supresses the production of ACS2. HY5: Elongated Hypocotyl 5; PIF: 
Phytochrome-interacting Factor. 
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Chapter 6: Concluding remarks 
In this thesis, I explored the nature of the proposed ACS which causes perturbed plastid 
development in ccr2. I identified a series of possible mutations from rccr2 lines that reverted 
the ccr2 leaf-yellowing phenotype, and confirmed causal lesions in three genes, PSY, ZISO and 
DET1. By examining double mutants ccr2 ziso and ccr2 det1, I elucidated the regulation of 
plastid development by a retrograde signal named ACS2 which acts downstream of DET1 to 
affect POR protein levels. I then studied the mechanisms of the suppression of ACS2 by 
mutations in PSY. The following content is to summarise the present study and discuss future 
perspectives in addition to those mentioned in section 1.5 of chapter 1. 
6.1 Different mechanisms are involved to regulate ACS2 in 
rccr2 lines 
In the present study, I identified 18 candidate genes which might lead to reversion of the ccr2 
leaf-yellowing phenotype. The candidate genes serve different roles in plants. PSY and ZISO 
are directly involved in carotenoid biosynthesis, and AtOR regulates PSY protein levels (Zhou 
et al., 2015); the mutations in those genes likely affect the production of ACS2, the cis-
carotenoid-derived retrograde signal. DET1 and RPT5B affect chloroplast biogenesis by 
repressing photomorphogenesis (Yi and Deng, 2005; Guyon-Debast et al., 2010; Dong et al., 
2014; Shi et al., 2015), which links the mutated genes to the antagonism of ACS2. Interestingly, 
cis-carotenoid composition in ccr2 det1-154 is also altered, suggesting a complex mechanism 
in the restoration of plastid development. FtsH11 is another gene that may regulate 
chloroplast development although the molecular mechanism remains unresolved. Genes 
encoding receptors, such as GLRs (Chapter 3), may be involved in the perception of ACS2 and 
hence regulate plastid development. Mutations in membrane transporter proteins such as 
MFS (Table 3.5) may block the translocation of an apocarotenoid signalling molecule. Kinases 
and other regulatory factors may be components of signalling pathways that are modulated 
by ACS2. 
Although all rccr2 lines displayed restoration of greening in newly emerged leaf tissues, six 
rccr2 lines showed delayed cotyledon greening similar to ccr2 (Figure 3.6), indicating that PLB 
formation during skotomorphogenesis might not be restored in those lines while chloroplast 
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biogenesis is restored in light-grown plants. 
In summary, different mechanisms are involved in the regulation of ACS2 and restoration 
chloroplast development when rccr2 are grown in light (short photoperiods), while 
skotomorphogenesis may not be affected in all revertant lines of ccr2. 
6.2 A threshold level of cis-carotenoids in specific tissues may 
be required to produce an ACS 
Among all rccr2 lines, only ccr2 ziso-155 showed complete loss of two cis-carotenoids, tri-cis-
neurosporene and tetra-cis-lycopene, which were proposed to be substrates of ACS2 (Chapter 
4). The other 25 rccr2 lines accumulated the same group of cis-carotenoids detected in ccr2, 
yet the levels of cis-carotenoids varied in some lines, especially in ccr2 psy double mutants 
(Chapter 5). This suggests that a threshold level of cis-carotenoids is required to produce an 
apocarotenoid signal, and that reducation in flux through the carotenoid pathway can perturb 
the biosynthesis of ACS2 (Chapter 5). In nature, perhaps cis-carotenoids accumulate to levels 
above a threshold upon the loss of CRTISO activity or protein displacement from a metabolon. 
cis-carotenoids may only accumulate to levels above a threshold in specific tissues, such as 
cotyledons during skotomorphogenesis or young leaves following photomorphogenesis, and 
thereby regulate plastid development in those tissues. However, it still remains to be 
determined if there are physiologically-relevant growth conditions that activate cis-carotenoid 
signalling in wild-type plants. 
6.3 ACS2 regulates both skotomorphogenesis and 
photomorphogenesis 
In this thesis, I studied the regulation of both skotomorphogenesis and photomorphogenesis 
by ACS2. During skotomorphogenesis, ACS2 leads to absence of PLB formation in etioplasts, 
which delays cotyledon greening upon illumination. In chapter 4, I demonstrated that ACS2 
acts downstream of DET1 to posttranscriptionally regulate POR A/B which are required for the 
formation of PLB. ACS2 upregulates PIF3 protein levels and downregulates HY5, supressing 
photomorphogenic development. I also show that ACS2 regulates the expression PhANGs 
which may affect chloroplast biogenesis. Therefore, it appears that ACS2 regulate plastid 
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development during skotomorphogenesis and photomorphogenesis. Consistently, the 
suppression of ACS2 by mutations in PSY restored PLB formation in etiolated seedlings and 
chloroplast biogenesis in leaf (Chapter 5). In addition to the model presented in chapter 4 
(Figure 8) to describe how ACS2 affects PLB formation during skotomorphogenesis and 
chloroplast biogenesis during photomorphogenesis, I am proposing a model as following that 
describes how ACS2 regulates the expression of PhANGs through PIF3 and HY5 (Figure 6.1). 
 
Figure 6.1 A schematic model describing how ASC2 represses the expression of PhANGs by 
modulating DET1 in the CDD complex, PIF3 and HY5. PhANGs: Photosynthesis Associated 
Nuclear Genes, DET1: Deetiolated-1, CDD complex: COP10/DET1/DDB1, PIF3: Phytochrome-
Interacting Factor 3, HY5: Elongated Hypocotyl 5. 
6.4 Cross-talk exists between light signalling and ACSs 
The present study shows that ACS2 regulates plastid development by affecting the expression 
of DET1 and protein levels of PIF3 and HY5. Interestingly, light signals also modulate 
carotenoid biosynthesis and plastid development, partially by regulating PIFs (Leivar and 
Monte, 2014). There seems to be cross-talk between light signalling and ACSs, potentially 
establishing a mutual regulation between carotenoid biosynthesis and plastid development. 
Mutations in PSY supress ACS2 which affects PIF3 levels in etiolated seedlings (Chapter 5), and 
PIFs were reported to regulate PSY expression which affects the flux of carotenoid biosynthesis 
(Toledo-Ortiz et al., 2010). The mutual regulation between PIFs and PSY may serve as a factor 
that determines the production of ACSs and controls the initiation of photomorphogenic 
development. 
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6.5 Future perspectives 
For the future study of ACSs, it’s essential to identify the apocarotenoids that trigger the 
retrograde signals. A detailed study on candidate genes identified from rccr2 lines will aid in 
the elucidation of the perception and transduction of ACSs. How ACSs regulate 
photomorphogenesis related genes/proteins has been largely unclear and requires intensive 
study, and the crosstalk between ACSs and light signalling is of particular research interest. 
The RNA-sequencing data suggested that ACS2 modulates the expression of GUN5, which 
attracts study on the interaction between ACSs and GUN retrograde signals. 
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Glossary 
ACS: Apocarotenoid signal  
AtOR: Arabidopsis ORANGE protein 
CCD: Carotenoid Cleavage Dioxygenase 
ccr: carotenoid and chloroplast regulation 
CDD complex: COP10/DET1/DDB1 complex 
COP1: Constitutive Photomorphogenic 1 
CRTISO: Carotenoid Isomerase 
DDB1: Damaged DNA Binding Protein 1 
DET1: Deetiolated 1 
FTSH11: FTSH protease 11 
GLR: Glutamate Receptors 
HY5: Elongated Hypocotyl 5 
NFZ: Norflurazon 
PDS: phytoene desaturase 
PhANGs: Photosynthesis associated Nuclear Genes 
PhMoANGs: Photomorphogenesis associated Nuclear Genes 
Phy B: Phytochrome B 
PIF: Phytochrome-interacting Factor 
POR: protochlorophyllide oxidoreductase 
PSY: Phytoene Synthase 
rccr2: revertant of ccr2 
SDC: Seed-Derived Callus 
SUS: Split Ubiquitin System  
Y2H: Yeast-Two-Hybrid 
ZDS: ζ-carotene desaturase 
ZISO: 15-cis-zeta-Carotene Isomerase 
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